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 The acoustic signature and noise produced by non-pnuematic wheels such 
as the Michelin TWEEL© is a critical design criteria for automotive and other mobility 
applications. The TWEELTM structure consists of three basic parts: (1) a circular 
deformable “shear beam”, (2) collapsible spokes and (3) a rigid hub. During high speed 
rolling the TweelTM produces acoustic noise which is hypothesized to be due to resonant 
vibration of the TweelTM spokes as they enter the contact region, buckle and then snap 
back into a state of tension. In order to identify and help understand the causes of 
acoustic noise for a rolling TWEEL a nonlinear two-dimensional finite element model 
using ABAQUS has recently been developed by a research team at Clemson and 
Michelin.  The TweelTM model consists of a shear beam modeled as two inextensible 
membranes with high circumferential modulus separated by a relatively low modulus 
elastic material. The temporal variation in spoke length as the spoke passes through the 
contact zone is extracted and used as input to a 3-D model of a single poke.  The 3-D 
spoke model is able to capture more complex vibration modes of the spoke, including 
out-of-plane “flapping” behavior that are thought to be a primary source of acoustic 
excitation.  The original model studied changes in uniform spoke thickness and wheel 
rolling speeds on amplitude and frequency of spoke vibrations.  
The TWEEL model used in this work is a continuation and expansion of this 
model; additional geometric parameters of the spokes are examined inclu ing edge 





addition, modal frequencies and shapes of the various spoke design strategies are 
computed and correlated with the frequency response of the out-of-plane spoke 
vibrations. Results indicate that scalloping the edges of the spoke can dramatically reduce 
the amplitude of vibration, but do not have a strong effect on frequency peaks. An 
optimal amount of scalloping was determined which reduces maximum vibration 
amplitude to an asymptotic value. Changes in spoke thickness do not significantly affect 
the frequency, but can affect the amplitude of vibration.  Changes i spoke width do not 
appear to affect either frequency or amplitude significantly. Spokes with smaller 
curvature resulted in a load-displacement curve which indicates higher wheel stiffness 
and produced higher vibration frequencies but with lower amplitude when compared to 
spokes with bigger curvature.   
In previous models, the dynamic loading and rolling steps where perform d using 
ABAQUS/Explicit with a restart from a steady-state cooling analysis performed in 
ABAQUS/Standard.  In this work, additional models are developed and compared where 
the dynamic loading and rolling steps are performed with restart from a transient cooling 
analysis using ABAQUS/Explicit and an analysis with no cooling step but an initial 
defined pre-tension.  Results obtained from these alternative methods for modeling pre-
tension produced a spoke-length profile with reduced amplitude high-frequency 
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A non-pneumatic wheel structure named the TWEELTM and proposed by 
MICHELIN exhibits potential for the four critical characteristic  of automotive wheels: 
(1) low energy loss on rough surfaces, (2) low vertical stiffness, (3) low contact pressure, 
and (4) low mass while relaxing some of the most restrictive design constraints imposed 
by pneumatic tire mechanics [1].  The non-pneumatic TWEELTM structure consists of 
three basic parts: (1) a circular deformable “shear beam”, (2) collapsible spokes and (3) a 
rigid hub as shown in Figure 1-1. The elastic collapsible spokes are att ched to the rigid 
hub on one end and to the shear beam on the other, thus forming an integrated wheel 
structure called the TWEELTM. The shear beam is comprised of two inextensible 
membranes separated by a low modulus elastic material. In a non-pneumatic structure, 
the contact pressure and the vertical stiffness are no longer coupled as they are in the 
pneumatic tire. In a non-pneumatic structure it is possible to design for a relatively high 
and uniform contact pressure and low stiffness or conversely, if so desired, low contact 
pressure and high stiffness. These relationships are relative since the load is always given 
by the contact pressure times the contact area. Also the lateral, torsional, and vertical 
stiffness are no longer tightly coupled as they are in the pneumatic tire. Indeed, it is easy 
to design a TweelTM with very high lateral stiffness, low vertical, and low torsional 
stiffness [1]. Another advantage is that the TweelTM does not require a structure or 
strength needed to contain the inflation gas of the pneumatic tire. This in fact not only 





the design [1]. The possible shapes of the pneumatic tire are tightly constrained by the 
mechanics of inflated membrane shells. TweelTM technology does not operate under those 
constraints thus breaking the traditional restrictions on shape and size [1]. 
 
 
Figure 1-1: Generic TweelTM  diagram as described by Timothy B. Rhyne and Steven 
M. Cron [1] 
An automotive TweelTM shown in Figure 1-2 was manufactured and physical tests 
were conducted at Michelin’s Laurens Proving Grounds. While testing, i  was observed 
that during high speed rolling, the TweelTM produces an unacceptable level of noise. 
Furthermore, the frequency of the acoustic noise appeared to be indep ndent of the wheel 
rotational speed, suggesting that it was a resonant vibration of some portion of the 
TweelTM structure. It was hypothesized that the source of this noise was due to spoke 
vibrations which were excited by the sudden snapping of the spoke from its buckled state 







Figure 1-2: MICHELIN's Automotive Tweel TM  taken from Google1 Images 
1.1 Literature Review 
In previous work, Cron [2] used connectors in ABAQUS/Explicit to simulate 
spoke vibration as the spoke rotates about the hub in a theoretical spoke-length profile for 
a rolling Tweel.  The computational method uses a three dimensional ngle spoke model 
with the geometry, curvature and dimension of an automotive TweelTM as shown in 
Figure 1-3. The actual path of the spoke ends as they pass into and out of the contact 
region is unknown, and so was approximated by circular paths of varied radii as shown in 
Figure 1-4. The spoke was stretched initially in order to impose a static tensile strain of 
3% to approximate pre-cooling and was linearly accelerated from rest to a highway speed 
of 80 km/hr tangentially. The inner connection was made between the spok and the hub 
and this was assumed to move along a simple circular path of radius Rhub, while the 
outer connection was made between the spoke and the shear beam which was assumed to 
move along a circular radius R0, then a transition circular arc radius Rt and finally along 















Figure 1-4: Steven M. Cron's spoke connection paths developed using ABQUS 
Connectors from Ref. [2] 
While only approximate, the dynamics of spoke accelerations are accounted for in 
the model. However, since the boundary conditions connecting the outer end of the spoke 





lengthening in the transition region just before passing through the contact region, or 
possible interaction with “flower pedal” vibration modes of the ring, it is possible that 
this procedure may incorrectly define the true dynamic behavior of the spoke as it enters 
the contact region, buckles and snaps back to tension while exiting the contact region. 
While not entirely accurate, general trends of spoke vibration behavior can be observed 
with sufficient accuracy with great computational efficiency using this approach [2].  
With the goal of improving the accuracy of spoke vibration results while 
maintaining adequate computational efficiency, an alternative strategy of using a two-
dimensional model of a rolling TweelTM at high speed on a rigid surface has been 
developed in [3,4,5,6] in order to investigate spoke vibrations.  Spoke length profile 
during rolling is then used as input to a single spoke 3D model which can be used to 
study response from modified spoke geometries. This modeling technique also allows for 
a cooling analysis to determine accurate pre-tension during the casting process prior to 
loading and rolling steps.  
In the work of Manga, Thompson, Zeigert, Rhyne and Cron [3,4], a planar finite 
element model of a spoked wheel was created in ABAQUS; a commercial computer 
aided engineering software. A two-dimensional plane stress model was created with 
hyper-elastic materials for the spokes and elastic ring layer sandwiched between two 
relatively inextensible embedded elastic reinforcement membranes modeled with 
orthotropic material properties. Simulation of the cooling which takes place following the 
casting of the wheel was performed using steady-state coupled displacement-temperature 





ABAQUS/Explicit for performing the dynamic simulations using dynamic coupled 
displacement-temperature analysis with a restart. In order to reduce the computational 
time an initial linear velocity was defined for the ground and an initial angular velocity 
for the wheel, thus eliminating the time required to accelerate the wheel from rest to its 
final speed. The frequency spectrum of the observed spoke vibrations after le ving the 
contact region was computed using a FFT. The 2D Tweel model is able to capture 
interactions between in-plane spoke vibration modes and ring “flower-pedal” modes. It 
was noted that one of the dominant spoke vibration frequencies does not changewith 
vehicle speed, suggesting that the observed vibrations are resonant in ture as opposed 
to a forced vibration related to the rolling speed. The cause was hypothesized to be the 
self-excited vibration behavior of the spokes as they enter the contact region, buckle and 
then snap back into a state of tension [3].  This transition may excite a resonant vibration 
of spokes which is relatively independent of the wheel speed. The effect of spoke 
thickness on the spoke vibration frequencies was studied and it was observed that 
changes in spoke thickness have an impact on the amplitudes of the spoke vibration but 
not on the frequency.  
The two-dimensional models can only capture in-plane spoke vibrations. 
Therefore, a three-dimensional model of a single spoke was created in order to 
investigate both the in-plane and out-of-plane spoke vibrations [4].  The spoke length vs. 
time profile obtained from the two-dimensional model was given as an input to the three-
dimensional spoke model after restarting from a cooling analysis and an additional s retch 





resulting vibrations showed a “flapping” mode at a new frequency that was not seen in 
the 2-D model [4].   
In technical reports [5,6] simulation of loading and rolling of the wheel without 
cooling or restart was performed in ABAQUS/Explicit and the results were compared to 
the simulations with restart from steady–state cooling using ABAQUS/Standard. While 
the initial pre-stress is not developed in this analysis without coling, results during the 
rolling phase show reduced high-frequency oscillations which may have been spurious 
using the restart analysis. As a result, the spoke-length profile during transition from 
tension to compression during the buckling phase and the converse transition from 
compression to tension as the spoke rotates around the wheel are more clearly seen. The 
spoke length profile is important in that it can be used as an input to a single-spoke three-
dimensional model for detailed analysis and comparison with modified spokege metries. 
In [5,6] spoke geometry was changed in order to reduce both symmetric and anti-
symmetric out-of-plane modes and natural frequencies and mode shapes were observed. 
This included scalloping the spoke on the sides, reducing the width of the spok  with 
scalloping, and changing the thickness of the spoke towards the top and the bottom. The 
frequency spectrum of the observed in-plane and out-of-plane spoke vibrations were 
computed using a FFT. In [6] the maximum amplitude peak in the FFT frequency 
response versus amount of scalloping is reported. The results indicate that scalloping 
significantly reduces the vibration amplitude and 25 to 30 mm of scalloping gives the 
largest amplitude reduction. Scalloping beyond this value gave essentially no 





compared to the reference curvature on the spoke vibration frequencies was also studied 
and it was observed that changes in spoke curvature have an impact on both the 
amplitudes and the frequency of the spoke vibrations.  
The objectives of this work is to extend the modeling done in [3,4], to examine 
additional geometric parameters of the Tweel spokes including edge scalloping, reduced 
width with scalloping, curvature change, and variable thickness.  In addition, modal 
frequencies and shapes of the various spoke design strategies are to be correlated with the 
frequency response of the out-of-plane spoke vibrations. Some of the results described in 
this work were first reported in our previous reports [5, 6].  Here, more in-depth coverage 
including detailed descriptions of modeling steps, additional in-depth studie  for 
geometric changes, conclusions, and new results on changes in spoke curvature are 
reported. Two alternative computational methods for analysis of the single-spoke model 
are developed in this work; the first performs the 3D spoke analysis where the three 
steps; cooling, loading, profile rolling, are performed together in a si gle analysis without 
using any restart file, the second performs the 3D analysis with no cooling restart but 
with an additional amount of stretch which is equivalent to the stretch observed in the 
cooling analysis.  
An overview of the Thesis is as follows. In Chapter 1 a general overview and 
description of the non-pneumatic TWEEL is given together with a review of the literature 
of previous finite element modeling efforts. In Chapter 2, a detailed description of the 
ABAQUS finite element model used in this work is given. In Chapter 3, the 





geometry and size are given. The change in spoke length vs. time fro  this two-
dimensional model is used as input to the three-dimensional spoke model. In Chapter 4, 
the computational method and results for the three-dimensional spoke model are r ported 
for different modifications including scalloping and amount of pre-tension modeled by 
pre-stretch, width changes, and variable thickness. Changes in spoke perpendicular 
distance vs. time, amplitudes and frequencies of corresponding FFT frequency response, 
and natural vibration frequencies and mode shapes are reported and compared for th  
different spoke modifications studied.  In Chapter 5, results for different amounts of 
spoke curvature are reported. Since spoke curvature changes the stiffness characteristics 
of the wheel, a two dimensional cooling and loading analysis was redone to obtain 
consistent pre-tension for both the 2D rolling and 3D spoke vibration models. Natural 








FINITE ELEMENT MODEL OF THE TWEEL TM  
In this chapter a description of the two-dimensional Tweel finite element model 
plug-in created in ABAQUS/CAE and provided by Michelin is described together with 
the parameters which are allowed to be changed.  Wheel dimensions of ut ide diameter, 
inner hub diameter, spoke parameters of number of spoke pairs, thickness of spokes and 
curvature, and shear layer dimensions are for the reference wheel mod l are given. 
Material properties of the spokes and shear layer and reinforcements are also given. Some 
finite modeling details related to contact properties between the whe l and a rigid plane 
used for loading and rolling simulations are described. Multi-point coupling constraints 
between the inner surface of the shear beam with spokes and rigid hub model with spokes 
are described together with embedded region constraints for modeling the shear layer 
reinforcements are discussed.  Finally, meshing details of the spoke and ring are given 
with type of elements for two-dimensional plane stress model. For efficiency, one pair of  
spokes with nodes used as markers for reporting displacement vs. time in dynamic 











2.1 Two dimensional TweelTM plug-in 
 
Figure 2-1: Two-dimensional TweelTM  plug-in created in ABAQUS supplied by 
Michelin 
The Tweel spokes and ring are manufactured from cast polyurethane with 
embedded reinforcement cables creating a shear layer in the ring.  The two-dimensional 
finite element model of the Tweel was developed in ABAQUS and consists of 
polyurethane deformable spokes, ring shaped shear band, consisting of an elastic layer 
sandwiched between two relatively inextensible embedded elastic reinforc ment 
membranes. The model also includes inner and outer coverage model with the same 





is modeled with a hyperelastic isotropic model based on the Mooney-Rivlin strain energy 
potential. The reinforcement membranes are modeled with linear elastic orthotropic 
properties with large modulus in the circumferential direction representing a smeared 
model of embedded wrapped cables in the physical wheel.  Rubber tread around the 
outside coverage is not included in the model. As a result, contact friction and traction 
will in general be undervalued in the idealized model considered here. However, due to 
the large and relatively uniform contact area of the TWEEL in co tact with the rigid 
surface model, rolling resistance due to deformation at the contact patch is expected to 
dominate the traction behavior and should be modeled with reasonable accuracy using the 
Tweel model used in this work.  
Figure 2-1 shows the User Interface of the plug-in provided by MICHELIN, 
which helps in generating a two-dimensional TweelTM model. A plug-in is a self 
installing software module that extends the capabilities of an application by performing 
ABAQUS Scripting Interface and ABAQUS GUI Toolkit commands to customize 
ABAQUS/CAE to execute specific requirements. The plug-in consists of two parts, a 
Python module and Registration commands. The python module consists of one or more 
python functions to execute the intended commands and the necessary actions to be taken 
in initiating a plug-in are explained by the registration commands [9]. 
By entering the desired values for different geometric parameters and clicking the 
PREVIEW button a basic ABAQUS two-dimensional TweelTM finite element model is 
automatically generated. This plug-in is used to assign different spoke curvatures, spoke 





composition of the reinforcements by defining the number of embedded cable, p ce and 
composition factor, and type of the two-dimensional model used. The material properties 
of the spoke and ring elastomer properties and orthotropic properties of the imbedded 
cable reinforcement layer must be edited and modified manually after the basic model is 
generated by the plug-in.  The Analyze button is not used and is intended only for a 
quasi-static load-deflection analysis to study nonlinear vertical stiffness properties of the 
wheel.  Other analysis parameters must be entered manually sch a  the temperature 
values for a cooling analysis, boundary condition and load steps for dynamic rolling 
analysis.  
The typical reference dimensions of the TweelTM used in this work are: an outside 
diameter (D0) of 602 mm, hub diameter (Dh) of 400 mm. The number of spoke pairs in 
the model is 20 with a spoke thickness (Ts) of 3mm each and a spoke curvature (C) of 5 
mm. Figure 2-2 shows the geometric 2-D wheel model [3]. The mass density of the shear 
layer and the spokes is 1.1x10-10daN-sec2/mm4 where 1daN (decaNewton) = 10Newton. 







Figure 2-2: Geometric 2-D wheel model 
The TweelTM generated by the plug-in has an estimated total mass of 4.66kg per 100mm 
width of the TweelTM, an estimated total elastomer mass of 4.22kg per 100mm width of 
the TweelTM, an estimated elastomer ring mass of 2.65kg per 100mm width of the 
TweelTM, an estimated elastomer spoke mass of 1.58kg per 100mm width of the TweelTM, 
and an estimated steel cable mass of 0.44kg per 100mm width of the TweelTM. The mass 
density of the shear beam and the spokes is 1.1x10-10daN-sec2/mm4 where 1daN 
(decaNewton) = 10 Newton. The mass density of the inextensible membranes is 1.54x10-
10daN-sec2/mm4. 
2.2 TweelTM Material Properties 
As mentioned earlier, the model consists of two kinds of materials: elastic, orthotropic 





elastic layer and the deformable spokes. The reinforcement membranes embedded in the 
deformable elastic layer are modeled with elastic orthotropic materials. The elastic stress-
strain relations for these the orthotropic materials are of the form [7]: 
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where the engineering constants are related to directional Moduli and Poisson’s 
ratios by the relations,  
1111 1 23 32
2222 2 13 31
3333 3 12 21
1122 1 21 31 23 2 12 32 13
1133 1 31 21 32 3 13 12 23
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In the above, the index 1 defines the radial materil direction, 2 defines the tangential 
direction, and 3 defines the out-of-plane direction. 
In this work, the values for orthotropic material coefficients are defined in units of 





D1111 = 0.01 
D1122 = 0 
D2222 = 4137.72 
D1133 = 0 
D2233 = 0 
D3333 = 0.01 
D1212 = 41.3712 
D1313 = 0 
D2323 = 0 
The coefficient of thermal expansion (α) for these elastic orthotropic materials  is 
defined to be 1.2 x 10-5 /0C in the 2-direction i.e., α11=0; α22= 1.2 x 10
-5 /0C and α33=0. 
The mass density of the reinforcement membranes is ρ =1.54 x 10-10 daN-sec2/mm4. 
The polyurethane shear layer and spokes are modeled with hyperelastic isotropic 
materials modeled based on the Mooney-Rivlin strain energy potential. Hyperelastic 
materials are nonlinear and exhibit instantaneous elastic response up to large strains. The 
form of the Mooney-Rivlin strain energy potential is [7]:  
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where, U is the strain energy per unit of reference volume (volume in the initial 
configuration), as a function of the strain at that point in the material; 10C , 01C , and 1D
are temperature-dependent material parameters; 1I  and 2I  are the first and second 
deviatoric strain invariants defined as 
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= ; J is the total volume ratio; elJ  is the 
elastic volume ratio and iλ are the principal stretches. The initial shear modulus ( 0µ ) and 
bulk modulus ( 0K ) are given by [6], 






The values for these hyperelastic material constant representing polyurethane are 
assumed to be [4]. 
C10 = 0.75 daN/mm
2; C01 = 0 ;   D1 = 0.066, 
The value of C10 = E/6 = 0.75 daN/mm
2 corresponds to an elastic modulus of 45 MPa. 
Since the dynamic loading and rolling step will be performed in ABAQUS/Explicit, the 
material is assumed to be nearly incompressible with 0 0/ 20K µ = , corresponding to a 
Poisson's ratio of 0.475. The hyperelastic material model requires that geometric 
nonlinearity be accounted for during the analysis step ince it is intended for finite-strain 
applications. The coefficient of thermal expansion (α) is defined to be 0.0002 /0C. The 
mass density of the elastic layer and spokes is ρ = 1.1 x 10-10 daN-sec2/mm4 [3].   
For the cooling analysis, thermal conductivity for the ring and spoke is κ = 0.3 W/m-K, 
with specific heat = 475 J/kg-K. For the reinforcements, κ = 20 W/m-K, with specific 









2.3 Contact properties between the rigid plane and the Tw elTM 
Contact modeling in ABAQUS is used to simulate the int raction between two contact 
surfaces during the analysis. For explicit dynamic analysis, surface-to-surface contact 
interaction with penalty contact method and finite sliding is defined for the deformable 
outer surface of the TweelTM ring and the rigid ground surface which comes intocontact 
when loaded. In the analysis, contacting surfaces ar  allowed to separate as they interact. 
A frictional interaction property is defined for the two contact surfaces. The deformation 
of the shear beam in contact with the rigid ground provides the necessary tangential 
forces. Figure 2-3 shows the contact modeling and the two surfaces which are in contact 
with each other prior to deformation [3]. Prior to loading and deformation, the rigid 
surface is defined tangent to a single contact point on the perimeter of the wheel. After 
loading, deformation of the shear layer creates a rel tively large and uniform contact 






Figure 2-3: Contact interaction between the rigid plane and the TweelTM  
2.4 Multi-Point constraints 
To create a modular development procedure, different parts present in the finite 
element model of the wheel are connected using ABAQUS multi-point constraints. The 
outer surfaces of the spokes are tied to the inner surface of the ring using ‘tie constraints’ 
as shown in Figure 2-4. Physically, the inner surfaces of the spokes are attached to the 
rigid hub. In the model, therefore, all the nodes on the inner surfaces of the spokes are 
constrained in all the three degrees-of-freedom and are coupled to the center reference 










reinforcement membranes are embedded in the elastic layer of the ring using the 
‘embedded constraint’ option as shown in Figure 2-6, where the whole model is selected 
to be the host region and the reinforcements are selected to be the embedded region[3]. 
 
 











Figure 2-5: COUPLING constraint in ABAQUS 
Reference 
point 
Inner surface of the 
spoke constrained in 






Figure 2-6: EMBEDDED REGION constraint in ABAQUS 
2.5 Meshing the two dimensional TweelTM 
The goal of this research is to examine the spoke dynamics during rolling.  
Therefore, several spokes were finely meshed, and the rest of the wheel was relatively 
coarsely meshed to reduce the computational time for solution.  The fine mesh spokes 
have 3 elements through the thickness direction while t e relatively course mesh spokes 
have 2 elements through the thickness direction. The overall mesh size was chosen to 
accurately model the behavior of all spokes during dynamic rolling. Marker nodes are 










spoke vibrations. Figure 2-7 shows a zoomed view of the mesh details showing the 
difference between the fine mesh regions and the coarse mesh regions [3].  
 
 
Figure 2-7: Meshing details of finite element model of the wheel 
There are a total of 5100 elements and 7062 nodes in the entire two-dimensional 
model.  For the plane stress model, the finely meshed spokes have 180 elements and 667 
nodes each, while the coarsely meshed spokes have 40 el ments and 165 nodes each. All 
the elements in the entire plane stress model used for simulating the cooling effect in 
ABAQUS/Standard are linear four node thermally coupled quadrilateral, bilinear 









elements of type CPS4RT selected from the ABAQUS/Standard elements library[8]. The 







ANALYSIS OF TWEEL TM  WITH REFERENCE SPOKE 
 
The computational procedures for both the two-dimensional TweelTM model and single 
3D model with reference spoke are described in detail and their simulation results are 
provided in this chapter. The computational procedur  developed in [3,4] for the two-
dimensional TweelTM model with reference spoke involves  two steps: (1) Steady-state 
coupled temperature-displacement cooling analysis uing ABAQUS/Standard for a time 
period of 1 second from a temperature of 1250 C to 250C, and (2) Importing the cooling 
results with a restart to perform dynamic loading and rolling analysis using 
ABAQUS/Explicit for a time period of 0.5 seconds each.  
In [3,4], the cooling analysis is performed using ABAQUS/Standard using a 
steady-state coupled temperature-displacement analysis, while the loading and rolling 
analysis are performed using ABAQUS/Explicit time-st pping. Due to the differences in 
solver technology between ABAQUS/Standard and ABAQUS/Explicit, what is felt to be 
spurious oscillations can be developed at the beginning of the explicit dynamic loading 
step. While these oscillations can be filtered, it is difficult to distinguish between physical 
and non-physical oscillations in the time-series data. In this work, an alternative method 
is developed where the same solver, ABAQUS/Explicit dynamic analysis is used for both 
the cooling analysis and restarted dynamic loading a d rolling step analysis. Results 
comparing the two alternative solver methods for the cooling analysis are compared and 
discussed. Both methods require a restart analysis between the cooling step and loading 





configuration can be used to ensure an initial tangent contact between the ring and rigid 
ground at one point.  Combining cooling and dynamic loading and rolling steps in a 
single analysis, without restart, showed that after cooling deformation, the ring and rigid 
ground surface loose initial contact. In addition t cooling analysis steps performed with 
either ABAQUS/Standard steady-state or ABAQUS/Explicit transient prior to restarting 
with ABAQUS/Explicit loading and rolling steps, an explicit loading and rolling analysis 
is performed with no restart and no cooling. While th initial pre-stress is not developed 
in this analysis without cooling, results during the rolling phase show reduced high-
frequency oscillations which may have been spurious using the restart analysis. As a 
result, the profile of the spoke length change during olling from transition from tension 
to compression during the buckling phase and the converse transition from compression 
to tension as the spoke rotates around the wheel is more clearly seen. It is this spoke 
length profile which will be used as input to a single-spoke three-dimensional model for 
detailed analysis and comparison with modified spoke geometries. The results from the 
2D analysis show that it is difficult to accurately represent the dynamic spoke length 
profile without high-frequency oscillations during simulation of rolling using 
ABAQUS/Explicit.  
Following the computational method developed in [3,4] for investigating 3-D 
spoke dynamics with realistic boundary conditions ad to allow many design iterations, a 
three-dimensional single spoke model is created, an the spoke length vs. time from the 
2-D analysis is used as an input boundary condition to the model. This new single spoke 





the 3-D model has the same geometric profile as the 2-D wheel model, and is obtained by 
outputting the coordinates of all nodes on a spoke of an unloaded wheel. This profile is 
then extruded 210 mm in the width direction to create the 3-D model. The material 
properties for the 3-D single spoke analysis are the same as used in the 2-D analysis.  The 
computational procedure for the three-dimensional wheel spoke model developed in [3,4] 
involves the following steps: 
a. Perform the cooling analysis step in ABAQUS/Standard from a temperature of 
1250C to 250C. 
b. Import the cooling results into ABAQUS/Explicit to perform vehicle weight 
loading and dynamic analysis. 
c. Pretension the spoke further by specifying a displacement to all of the nodes on 
one end, to simulate the effect of vehicle weight. 
d. Analyze the dynamic response of the single spoke by imposing the spoke 
displacement profile obtained from the two-dimensioal rolling wheel model. 
The above method used in [3,4] sometimes results in purious high-frequency 
oscillations during the explicit dynamic pre-tension Step c. which may contaminate the 
response during the rolling phase.  Two alternative computational methods for analysis 
are developed in this work; the first performs the 3D spoke analysis where the three 
steps; cooling, loading, profile rolling, are performed together in a single analysis without 
using any restart file, the second performs the 3D analysis with no cooling restart but 
with an additional amount of stretch which is equivalent to the stretch observed in the 





3.1   2D Tweel with Steady-State Cooling 
In this section, the simulation of explicit dynamic loading and rolling is 
performed after restart from a steady-state cooling a alysis in Abaqus/Standard in 
accordance with the procedures developed in [3,4]. Results are summarized for later 
comparison to the alternative computational techniques developed in this work which 
utilize a restart with explicit cooling analysis in Abaqus/Explicit, and an analysis with no 
cooling. 
3.1.1 Cooling Analysis using ABAQUS/Standard Steady-State Coupled Temperature-
displacement 
When the cast polyurethane wheel is molded it is subjected to a temperature 
change from 1250C to 250C (room temperature). As a result of this cooling, thermal 
stresses are developed in the wheel ring and spokes. Th  effect of cooling on the spokes 
is that the spokes contract and the curvature straightens, developing pretension prior to 
loading and rolling. In [3,4] this phenomenon of pretension is simulated in 
ABAQUS/Standard solver using a steady-state coupled t mperature-displacement 
analysis. For the cooling analysis, the reference point at the center hub point of the 
TweelTM and rigid ground reference are constrained in all degrees-of-freedom. An initial 
temperature field of 1250C is defined both for the TweelTM and ground. To define cooling 
a temperature boundary condition is defined for the entire model with a magnitude of 
250C. These boundary conditions simulate the cooling effect on the TweelTM from a 





analysis in ABAQUS/Standard showing the linear decrease in temperature from 125 to 
25 degrees Celsius. 
 






Figure 3-2: Temperature vs. Time for cooling simulation in ABAQUS/Standard 
showing linear decrease in temperature from 125 to 25 degrees Celsius during the 
steady-state analysis step. 
3.1.2 Load-Deflection Curve 
To determine the ground displacement corresponding to one-quarter vehicle 
weight to be used for ABAQUS/Explicit loading and rolling analysis steps, a separate 
ground push-up analysis is performed with the wheel ub center point held fixed. To be 
consistent with the explicit rolling analysis, a load-deflection curve is computed using 





displacement is defined and ramped with a smooth amplitude step over 1 sec and the 
reaction force measured.  Results for vertical wheel load in daN per unit wheel width vs. 
deflection curve are shown in Figure 3-3. The curve shows nonlinear behavior with the 
slope indicating a softening stiffness as load is increased. 
Figure 3-3: Load-deflection curve of the TWEEL using Explicit Dynamics, Temp-


























3.1.3 Loading and Rolling using Explicit Dynamic, Temp-displacement with Restart 
from Steady-State Cooling 
The methods described in this Section were first developed in [3, 4]. The results 
obtained from the steady-state cooling simulation performed using ABAQUS/Standard 
are then imported with restart into a dynamic ABAQUS/Explicit model with 
Temperature-Displacement explicit time-stepping to carry out the dynamic loading and 
rolling wheel analyses. The material state along with the stresses, plastic strains, internal 
strains and stresses are imported from the cooling analysis using the original reference 
configuration. ABAQUS/Explicit, dynamic Temp-disp, is used to simulate the wheel 
during dynamic loading and rolling. Explicit dynamic analyses is used for simulating 
large models with relatively short dynamic response times and large deformations where 
small time steps are required for accuracy. The default time increment for a finite element 
model in ABAQUS/Explicit Dynamic, Temp-disp, is automatically calculated to ensure 
sufficient stability. The loading and rolling analysis steps are performed for a simulation 
time period of 0.5 seconds each in ABAQUS/Explicit Dynamic Temp-disp analysis. In 
the loading step, the ground is smoothly ramped to a vertical displacement of 12 mm 
corresponding to a one-quarter vehicle load on the w el of 1.75 daN per unit wheel 
width as shown in Figure 3-3. The vertical position of the ground is then held constant 
during the rolling step. The reference center hub point of the wheel is fixed in translation 
and is assigned an initial angular velocity of 55.13 rad/sec and the ground is assigned an 
initial linear velocity of 16,540.8 mm/sec (60 km/hr), such that the undeformed wheel 





held constant during the simulation, but is determined by the interaction between the 
ground and the wheel as the simulation progresses while the ground velocity is held 
constant for the entire simulation. The temperature fo  the entire model during these 
dynamic simulations is kept constant at 250C. The contact interaction between the ground 
and the wheel is defined with the penalty method an finite sliding and to be frictionless 
as the deformation of the shear layer when it comes in contact with the rigid ground 
provides the necessary tangential forces [3,4].  
In order to track the spoke vibrations vs. time, marker nodes were created in a 
single spoke with fine mesh which is initially in the contact region as shown in Figure 3-
4. The lateral vibrations of points on the spoke were computed analytically by creating a 
straight line passing through the top and bottom node and calculating the perpendicular 
distance of the intermediate nodes from that line at ach outputted time step. The distance 
between the top and bottom nodes was computed at each outputted time step and will be 
referred to as spoke length [3,4].   






Figure 3-4: Marker nodes (red dots) used to track spoke vibration 
3.1.4 Loading Results of Steady-State Cooling Analysis  
The cooling simulation is carried out from an initial temperature 1250C to a final 
temperature of 250C using ABAQUS/Standard and coupled displacement-temperature 
analysis. The reference points of the ground and the w eel hub center are constrained in 
all degrees of freedom. This change in temperature causes the entire wheel to contract in 
size and as a result the spokes are stretched into tension. A maximum Von-Mises stress of 
27.4 MPa is developed at the outer reinforcement membrane. Figure 3-5 shows the spoke 





from 125 to 25 degrees. This indicates that the outr circular rim decreased in diameter 
during the cooling phase. Figure 3-6 shows the perpendicular distance of the spokes 
decreased during cooling indicating tensioning (straightening) of the curved spokes. The 
middle node has a initial perpendicular distance of 5 mm corresponding to the initial 
defined curvature in the Abaqus Tweel plug-in described earlier. After cooling the 
curvature at the middle node straightens to approximately 1.5 mm. 
Figure 3-5: Change in length of the spoke vs. Time during cooling in 
ABAQUS/Standard 
























Figure 3-6: Perpendicular distance of marker nodes vs. Time during the steady-state 
cooling phase 
3.1.5 Results of Loading and Rolling in Explicit Dynamic, Temp-displacement  
Figure 3-7 shows the pattern of the spoke length vs. time during the loading and 
the rolling phase using explicit dynamics, temp-disp, after cooling restart from 
Abaqus/Standard. This result was first reported in [3,4]. The gradual wheel loading phase 
occurs during the time period from 1.0 to 1.5 seconds followed by a rolling phase with 
constant wheel load from 1.5 to 2.0 seconds. The tim series starts from 1.0 sec since the 
analysis is a restart from the cooling analysis which spans the first 1 sec. The sharp spikes 
show the shortening of the spoke length as the Tweel passes through the contact region 





































and buckles. The amount of spoke shortening increases gradually during the loading 
phase as the ground displaces vertically into the wel, followed by relatively constant 
shortening of the spoke during the rolling phase of the simulation. Figure 3-8 shows the 
lateral spoke vibrations during the loading and the rolling phase of the simulation using 
explicit dynamics, temp-disp, after cooling restart from Abaqus/Standard. The frequency 
spectrum of these lateral spoke vibrations is extracted using Simulink toolboxes in 
MATLAB using the FFT function [3,4]. 
 
  
Figure 3-7: Spoke length vs. Time for wheel during Loading and rolling at 60 km/hr 
using restart with steady-state cooling. 
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Figure 3-8: Perpendicular distance of Marker nodes during Loading and Rolling 
Phase at 60 km/hr using restart with steady-state cooling. 
Figure 3-9 and Figure 3-10 shows the frequency spectrum of the middle node and 
the upper quarter node lateral spoke vibrations respectively first reported in [3,4] from 
1.6 seconds to 2 seconds during the rolling phase of the simulation. It is observed that the  
upper quarter node along with the middle node have frequency peaks at 190Hz and 
620Hz while, the upper quarter  nodes show an additional peak at 360 Hz which is absent 
in the middle node frequency spectrum . The frequency spectrum of the lower quarter 
node is similar to the upper quarter node. 
 



































Figure 3-9:  Frequency spectrum of middle node lateral spoke vibrations at 60 







Figure 3-10: Frequency spectrum of upper quarter node lateral spoke vibrations at 
60 km/hr using restart with steady-state cooling. 
3.2   2D Tweel with Cooling in Explicit Dynamics 
In this Section, results are given for an alternative computational method where 
the simulation is restarted from a transient cooling a alysis using ABAQUS/Explicit.  
3.2.1 Cooling using Explicit Dynamic Temperature-displacement  
As discussed earlier when the cast polyurethane wheel is molded it is cooled with 
a temperature change from 1250C to 250C (room temperature) which develops thermal 
stresses in the wheel, and as a result, the spokes contract and straighten and develop 
pretension prior to loading and rolling. In this study we modify the analysis method, by 
performing the cooling analysis using transient ABAQUS/Explicit Temperature-





ABAQUS/Standard.  It is expected that the pre-streses developed in the elements may be 
more consistent when imported and used in a restart analysis of dynamic loading and 
rolling using ABAQUS/Explicit. Same as in the earlie  steady-state cooling analysis, the 
reference points of the TweelTM and ground are constrained in all degrees-of-freedom. An 
initial temperature field is defined both for the TweelTM and ground, with a magnitude of 
1250C. Also, a temperature boundary condition is defined for the entire model with a 
magnitude of 250C. These boundary conditions simulate the cooling effect on the 
TweelTM from a temperature of 1250C to 250C.  Figure 3-11, shows the temperature vs. 
time for cooling simulation in ABAQUS/Explicit showing a parabolic decrease in 
temperature from 125 to 25 degrees Celsius during the analysis step.  The parabolic 







Figure 3-11: Temperature vs. Time for cooling simulation in Explicit Dynamics, 
Temp-disp. 
3.2.2 Loading and rolling using Explicit Dynamic, Temp-disp 
The same analysis procedures discussed earlier in Section 3.1.2 are used for the 
dynamic explicit loading and rolling analysis. The r sults obtained from cooling in 
Abaqus/Explicit, Temp-disp, are imported for restart in the explicit dynamic loading and 
rolling simulation. The boundary conditions, constraints and initial velocities discussed 






3.2.3 Results of  Cooling in Dynamic, Temp-disp, Explicit 
Results using explicit transient cooling analysis for change in spoke length and 
perpendicular distance are shown in Figure 3-12 and Figure 3-13.  The results indicate 
that the amount of spoke length change of 0.25 mm re ains the same as for the steady-
state cooling analysis. The change in perpendicular distance after cooling remains the 
same. However, the shape of the perpendicular distance from initial curvature to final 
curvature is now much more parabolic and nonlinear compared to the steady-state 
cooling analysis shown earlier.  
 
 
Figure 3-12: Change in length of the spoke vs. Time during cooling in 
ABAQUS/Explicit. 
























Figure 3-13: Perpendicular distance of marker nodes vs. time during the cooling 
phase in ABAQUS/Explicit 
3.2.4 Results of Loading and Rolling in Dynamic, Temp-disp, Explicit 
Figure 3-14 shows the pattern of the spoke length vs. time during the loading and 
the rolling phase using explicit dynamics, temp-disp, after cooling restart from dynamics, 
temp-disp, explicit. The results show the high-frequ ncy oscillations during the rolling 
phase reduced significantly when compared to the oscillations produced with cooling 
restart from Abaqus/Standard. However, early during the loading phase oscillations with 
large amplitudes exist.  These early large amplitude oscillations do not appear to persist 
into the rolling phase. Figure 3-15 shows the lateral spoke vibrations during the loading 





































and the rolling phase of the simulation using explicit dynamics after restart from an 
explicit cooling analysis. The results show that the amplitude of the oscillations 
decreased gradually from the loading phase to the rolling phase. Again, the oscillations 
during the rolling phase are reduced significantly when compared to the lateral spoke 
vibrations with cooling restart from Abaqus Standard s shown earlier in Figure 3-8.  
 
Figure 3-14: Spoke length vs. Time for wheel during Loading and rolling at 60 






























Figure 3-15: Perpendicular distance of marker nodes during the Loading and 
Rolling at 60 Km/hr using restart with explicit cooling. 
Figure 3-16 and Figure 3-17 shows the frequency spectrum of the middle node 
and the upper quarter node lateral spoke vibrations respectively from 1.6 seconds to 2 
seconds during the rolling phase of the simulation. It is observed that the upper quarter 
node along with the middle node have frequency peaks at 120Hz and 480Hz while, the 
upper quarter nodes show an additional peak at 280 Hz which is absent in the middle 
node frequency spectrum. The frequency spectrum for the middle node and the upper 
quarter node also show the frequencies peaks shifted to lower values by nearly 50% when 



































compared to the frequency spectrum of the corresponding peaks shown earlier in Figure 










Figure 3-17: Frequency spectrum of upper quarter node using restart with explicit 
cooling. 
3.3   2D Tweel with No Cooling 
In this Section, results reported for the simulation without restart cooling and 
compared to the previous restart simulations which use either steady-state cooling in 
ABAQUS/Standard or transient cooling in ABAQUS/Explicit.  
3.3.1 Computational method for loading and rolling in ABAQUS using Dynamic, 
Explicit solver without cooling restart 
The same simulation procedure as discussed earlier in section 3.1.3 is repeated, 
except for the cooling restart file. In this case th re are no cooling results imported prior 





steps are performed for a simulation time period of 0.5 seconds each. The boundary 
conditions, constraints and the initial velocities are the same as discussed earlier in 
section 3.1.3. 
3.3.2 Results of Loading and Rolling in Explicit Dynamic  
Figure 3-18 shows the pattern of the spoke length vs. time during the loading and 
the rolling phase using explicit dynamics with no cooling restart. The results show the 
high-frequency oscillations are reduced significantly when compared to the oscillations 
produced with cooling restart from Abaqus/Standard an the results appear more similar 
to the rolling profile produced with restart and explicit cooling. Figure 3-19 shows the 
lateral spoke vibrations during the loading and the rolling phase of the simulation using 
dynamic, explicit with no cooling restart. The result  show that the high-frequency 
oscillations reduced significantly when compared to the lateral spoke vibrations with 
cooling restart from Abaqus/Standard. Also the oscillations during the loading phase are 






Figure 3-18: Spoke length vs. Time during Loading and rolling with no cooling 
restart 
 

























Figure 3-19: Perpendicular distance of Marker nodes during the Loading and 
Rolling with no cooling restart 
Figure 3-20 and Figure 3-21 shows the frequency spectrum of the middle node 
and the upper quarter node lateral spoke vibrations respectively from 0.6 seconds to 1 
second during the rolling phase of the simulation using dynamic, explicit. It is observed 
that the upper quarter node along with the middle node have frequency peaks at 140Hz, 
210Hz and 510Hz. 



































Figure 3-20: Frequency spectrum of middle node with no cooling restart 
 
 





3.4 3D Reference Spoke with steady-state cooling 
The simulations of the two-dimensional rolling wheel model assume that all 
points through its width behave identically. In reality, the widths of these wheels are 
often a substantial fraction of the wheel diameter, and therefore additional non-planar 
modes of vibration must be considered. Although creating and analyzing a full three-
dimensional wheel at high rolling speeds is possible, the computational time required for 
solving it would be large without the aid of supercomputers with parallel processing 
capabilities. Following the computational method developed in [3,4] for investigating 3-
D spoke dynamics with realistic boundary conditions and to allow many design 
iterations, a three-dimensional single spoke model is created, and the spoke length vs. 
time from the 2-D analysis is used as an input boundary condition to the model. This new 
single spoke model captures both in-plane and out-of-plane spoke vibrations. The spoke 
geometry for the 3-D model has the same geometric profile as the 2-D wheel model, and 
is obtained by outputting the coordinates of all nodes on a spoke of an unloaded wheel. 
This profile is then extruded 210 mm in the width direction to create the 3-D model. The 
material properties for the 3-D single spoke analysis are the same as used in the 2-D 
analysis.  The computational procedure for the three-dimensional wheel spoke model 
developed in [3,4] involves the following steps: 
a. Perform the cooling analysis step in ABAQUS/Standard from a temperature of 
1250C to 250C. 
b. Import the cooling results into ABAQUS/Explicit to perform vehicle weight 





c. Pretension the spoke further by specifying a displacement to all of the nodes on 
one end, to simulate the effect of vehicle weight. 
d. Analyze the dynamic response of the single spoke by imposing the spoke 
displacement profile obtained from the two-dimensioal rolling wheel model. 
The 3D model assumes that the rolling takes place at ste dy speed such that the 
circumferential acceleration component on the spoke in the transverse direction in the 
plane is negligible. While the normal component of acceleration is not negligible, it acts 
mostly in the longitudinal direction of the spoke and would affect spoke tension, but not 
direct lateral bending.  The above method used in [3,4] sometimes results in spurious 
high-frequency oscillations during the explicit dynamic pre-tension Step c. which may 
contaminate the response during the rolling phase.  Two alternative computational 
methods for analysis are developed in this work; the first performs the 3D spoke analysis 
using a restart with an initial transient cooling step in ABAQUS/Explicit, the second 
performs the 3D analysis with no cooling restart but with an additional amount of stretch 
which is equivalent to the stretch observed in the cooling analysis.  
3.4.1 Cooling with ABAQUS/Standard and Coupled temperature displacement 
In this study, the cooling analysis step is performed in Abaqus/Standard in 
accordance with the computational method developed in [3,4] from a temperature of 
1250C to 250C. The spoke model is meshed with linear hexahedral eight node thermally 
coupled brick, tri-linear displacement and temperature, reduced integration, hourglass 
control elements  of type C3D8RT, with 2 elements i the thickness direction as shown in 





fixed, and an initial temperature field of 1250C is defined for all the nodes in the model, 
and is reduced to 25°C [3]. 
3.4.2 Stretch and Profile Input using Explicit Dynamics, Temperature-displacement  
Following the cooling step simulation in ABAQUS/Standard using the coupled 
displacement-temperature analysis, the results are imported into ABAQUS/Explicit, 
Temp-disp, for the additional pretension stretch step due to vehicle weight loading and 
dynamic simulation. The loading analysis step conducted in the two-dimensional model 
results in tensioning the spokes in the upper region and compressing them in the contact 
region. In order to simulate this phenomenon of tension in the upper region spokes in the 
three-dimensional single spoke model, a displacement equal to the change in length of the 
upper region spoke caused by loading of the wheel is imposed to all of the nodes along 
the top face shown in Figure 3-22 over a period of 0.5 seconds. Figure 3-23 shows the 
spoke length change on a top spoke 180 degrees opposite the bottom spoke during 
loading from reaction force-displacement graph using ABAQUS/Explicit. Results 
indicate that the spoke length increased by approximately 0.8 mm during the loading 
phase. This 0.8 mm is the amount of stretch imposed n the 3D single spoke model prior 






Figure 3-22: Boundary conditions on the Reference spoke model during stre ch and 
input profile step 
Displacement boundary 








Figure 3-23: Spoke length change for the top spoke vs. Time during loading phase 
The simulated rolling analysis step for the 3-D single spoke model uses a 
displacement boundary condition to cause the spoke length profile vs. time to be the same 
as that obtained from the 2-D model as shown in orange box in Figure 3-24. 
Displacement data input to the 3-D model shown in the orange box corresponding to one 
revolution from 1.75 sec to 1.9 sec., a duration of 0.15 sec. Using this input profile 
ensures that the input to the 3D single spoke model has the same frequency content as 
that seen by the 2-D spoke model, but does not require the computational expense of a 
full 3-D rolling wheel simulation [3].   
 






















Figure 3-24: 2D Spoke length vs. Time during rolling after restart from steady-state 
cooling analysis in Abaqus/Standard 
3.4.3 Results of Stretch and Profile input with restart from steady-state cooling 
Results in this Section were first reported in [4]. Figure 3-27 shows the 
perpendicular distance of the vertical marker nodes shown in Figure 3-25 from the plane 
passing through three corner nodes of the. Results are hown for the rolling phase from 
1.5 sec to 1.65 sec, duration 0.15 sec. The green lin  represents perpendicular distance of 
the middle marker node and, the blue and magenta lies are the upper and lower 
intermediate quarter marker nodes respectively. The perpendicular distance of the end 
nodes is zero.  The spoke length vs. time obtained from this model is presented in Figure 
























3-26. Note the stretch of 0.8 mm from 1.0 to 1.5 sec, followed by the rolling profile from 
1.5 sec to 1.65 sec, duration 0.15 sec. The frequency spectrum of these lateral spoke 
vibrations is extracted using Simulink toolboxes in MATLAB using the FFT function. 
 







Figure 3-26: Spoke length vs. Time using ABAQUS/Explicit after restart from 






























Figure 3-27:  Perpendicular distance of vertical marker nodes from the plane vs. 
Time using ABAQUS/Explicit after restart from cooling using ABAQUS/Standard 
 
Figures 3-28 and 3-29 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 200 Hz is preent in the vibration signal for both 
the middle and the upper quarter node. The amplitude of this peak is lower at the upper 
quarter node. Furthermore, a secondary peak near 340 Hz is present for the upper quarter 
node.  The max amplitude peak of the upper quarter node is smaller than the max 
amplitude peak of the middle node. The peak near 200 Hz frequency for the vertical 
marker nodes is shifted somewhat higher from the frequency of the first amplitude peak 
at 190 Hz found in the two-dimensional rolling analysis shown earlier in Figures 3-9 and 


































3-10.  Similarly for the upper quarter marker node frequency of the secondary amplitude 
peak near 340 Hz matches closely with the frequency of the secondary peak at 360 Hz 
from the two-dimensional model [4].   
 







Figure 3-29: Frequency Spectrum for vertical upper quarter intermediate node 
The magnitude of out-of-plane spoke vibrations is computed analytically 
calculating the perpendicular distance of  the horizontal marker nodes as shown in Figure 








Figure 3-30: Horizontal Marker Nodes for the Reference Spoke Model 
Figure 3-31 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time.  Due to symmetry, only 3 independent curves are obtained. 
Curves for the first and last end nodes are the same. Similarly, curves for the intermediate 
left and right quarter nodes are the same. Figures 3-32 and 3-33 show the frequency 
spectra for the horizontal middle and horizontal left quarter nodes corresponding to the 
spoke vibration signal shown in Figure 3-31.  Due to symmetry the spectrum of the left 
and right horizontal intermediate marker nodes are the same.  Both the middle node and 
the left quarter node have frequency peaks near 200 Hz. For the middle horizontal marker 
node, a secondary amplitude peak near 235 Hz is present. For the horizontal marker 
nodes, the amplitude is higher at the left quarter node compared to the middle node.  The 
max amplitude peak of the left quarter and middle horizontal marker nodes are smaller 





Figure 3-31: Perpendicular distance of horizontal marker nodes from the plane 
using ABAQUS/Explicit after restart from cooling using ABAQUS/Standard 

































Figure 3-32: Frequency spectrum of spoke vibrations for horizontal middle node  
 





3.5 3D Reference Spoke with Combined Steps 
In this case all the three steps are performed together in a single analysis without 
using any restart file.  
3.5.1 Cooling, Stretch and Profile Input analysis using Explicit Dynamics 
Temperature-displacement 
The cooling analysis step is performed in Abaqus/Dynamics, Temp-disp, Explicit 
from a temperature of 1250C to 250C followed by the tensioning of the spoke in the upper 
region by specifying a displacement value of 0.8 mm in the vertical direction. The 
boundary conditions and the initial conditions for the Cooling and the Loading step are 
the same as described in section 3.4.1 and 3.4.2. 
The simulated rolling analysis step for the 3-D single spoke model uses a 
displacement boundary condition to cause the spoke length profile vs. time to be the same 
as that obtained from the 2-D model as shown in orage box in Figure 3-34 during one 
revolution from 1.75 sec to 1.9 sec.  The combined st ps for the 3D model all performed 
in a single analysis run using ABAQUS/Explicit are (1) cooling from 0 to 1.0 sec, (2) 
stretch of 0.8 mm from 1.0 to 1.5 sec,  (3) 2D rolling input profile from 1.5 to 1.65 sec, 
(4) spoke length amplitude held constant from 1.65 to 2.0 sec. In this analysis, the spoke 
length amplitude is held constant to observe free oscillations after the rolling input phase 








Figure 3-34: 2D Spoke length vs. Time during rolling after restart from cooling 
using Dynamic, Temp-disp, Explicit 
3.5.2 Results from the three-dimensional reference spoke 
Figure 3-36 shows the perpendicular distance of the vertical marker nodes from 
the plane passing through three corner nodes of the spoke. The spoke length vs. time 
obtained from this model is presented in Figure 3-35 showing 0.8 mm stretch from 1 to 
1.5 sec, rolling profile from 1.5 to 1.65 sec., and constant amplitude from 1.65 to 2 sec. 
The frequency spectrum of these lateral spoke vibrations is extracted using Simulink 
toolboxes in MATLAB using the FFT function. 
   

























Figure 3-35: Spoke length vs. Time. Analysis performed with combined steps in 
single analysis including cooling using ABAQUS/Explicit 


























Figure 3-36:  Perpendicular distance of vertical marker nodes from the plane vs. 
Time during rolling profile step and constant amplitude step. 
Figures 3-37 and 3-38 show the vibration spectra of the vertical middle node and 
upper quarter node during rolling profile step and constant amplitude step.  An amplitude 
peak near 160 Hz is present in the vibration signal for both the middle and the upper 
quarter node. The frequency of the max amplitude peak has shifted from 200 Hz to 160 
Hz when compared to the Restart from cooling in ABAQUS/Standard; compare Figures 
3-28 and 3-37. The magnitude of the maximum amplitude of vibration has also decreased 
from 1800 to 1300. The peak near 160 Hz frequency for the vertical marker nodes is also 
shifted higher from the frequency of the first amplitude peak at 120 Hz found in the two-
dimensional rolling analysis shown earlier in Figures 3-16 and 3-17. 



































Figure 3-37: Frequency Spectrum of spoke vibrations for vertical middle node 
 





Figure 3-39 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Figures 3-40 and 3-41 show the frequency spectra 
corresponding to the spoke vibration signal shown in Figure 3-39.  The horizontal middle 
node has frequency peak near 180 Hz and the horizontal left quarter node have frequency 
peaks near 160 Hz. For the middle and the left quarter horizontal marker node, a 
secondary amplitude peak near 240 Hz is present. Comparing Figures 3-32 and 3-33 with 
Figures 3-40 and 3-41 for the horizontal marker nodes we see that the amplitude are 
about the same but the frequencies at the first peaks are reduced. 
Figure 3-39: Perpendicular distance of horizontal marker nodes during rolling 
profile step and constant amplitude step. 

































Figure 3-40: Frequency spectrum of spoke vibrations for horizontal middle node  
 





3.6 Three Dimensional Reference Spoke with no Cooling 
3.6.1 Stretch and Profile Input analysis using Explicit Dynamic without cooling 
The same simulation procedure as discussed earlier in section 3.4.2 is repeated, 
except for the cooling restart file. In this case th re are no cooling results imported prior 
to the stretch and the rolling profile analysis using Abaqus/Explicit. In this case the 
analysis involves only two steps, the tensioning of the spoke by giving a displacement 
value of 0.8mm in the vertical direction followed by the input profile step.  
The simulated rolling analysis step for the 3-D single spoke model uses a 
displacement boundary condition to cause the spoke length profile vs. time to be the same 
as that obtained from the 2-D model as shown in orange box in Figure 3-42. 
Displacement data input to 3-D model shown in orange box corresponding to one 






Figure 3-42: 2D Spoke length vs. Time during rolling using Dynamic, Explicit with 
no cooling restart 
3.6.2 Results of Stretch and Profile Input without cooling  Explicit Dynamic  
Figure 3-44 shows the perpendicular distance of the vertical marker nodes. The 
spoke length vs. time obtained from this model is presented in Figure 3-43.  
 

























Figure 3-43: Spoke length vs. Time using dynamic, explicit with stretch 0.8mm 


























Figure 3-44:  Perpendicular distance of vertical marker nodes with no cooling 
restart  
Figures 3-45 and 3-46 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 175 Hz is preent in the vibration signal for both 
the middle and the upper quarter node. The amplitude of this peak is lower at the upper 
quarter node. The max amplitude peak of the upper qua ter node is smaller than the max 
amplitude peak of the middle node. The peak near 175 Hz frequency for the vertical 
marker nodes is shifted lower from the frequency of the first amplitude peak at 200 Hz 
found in the restart analysis from cooling using ABAQUS/Standard shown earlier in 
Figures 3-28 and 3-29.  The peak vibration amplitudes have also decreased.  The peak 
near 175 Hz frequency for the vertical marker nodes ha  also shifted higher from the 


































frequency of the first amplitude peak at 140 Hz found in the two-dimensional rolling 
analysis shown earlier in Figures 3-20 and 3-21.  
 
 







Figure 3-46: Frequency Spectrum for vertical upper quarter intermediate node 
Figure 3-47 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time.  Due to symmetry, only 3 independent curves are obtained. 
Curves for the first and last end nodes are the same. Similarly, curves for the intermediate 
left and right quarter nodes are the same.  Figures 3-48 and 3-49 show the frequency 
spectra for the horizontal middle and horizontal left quarter nodes corresponding to the 
spoke vibration signal shown in Figure 3-47.  Due to symmetry the spectrum of the left 
and right horizontal intermediate marker nodes are the same.  Both the middle node and 
the left quarter node have frequency peaks near 175 Hz. For the horizontal marker nodes, 
the amplitude is higher at the left quarter node compared to the middle node.  The max 
amplitude peak of the left quarter and middle horizontal marker nodes are smaller than 





peak near 175 Hz frequency is shifted lower from the frequency of the first amplitude 
peak at 200 Hz found in the restart analysis from cooling using ABAQUS/Standard 
shown earlier in Figures 3-28 and 3-29.  The peak vibration amplitudes have also 
decreased. 
 
Figure 3-47: Perpendicular distance of horizontal marker nodes from the plane with 
no cooling restart 

































Figure 3-48: Frequency spectrum of spoke vibrations for horizontal middle node  
 





3.7 Three Dimensional Reference Spoke with additional stretch 
In this Section, the analysis is performed with no cooling restart but with an 
additional amount of stretch which is equivalent to the stretch observed in the cooling 
analysis. 
3.7.1 Additional Stretch and Profile Input analysis using Explicit Dynamic  
In this case the lack of a cooling step is compensat d by adding an additional 
stretch value to the 0.8mm value due to wheel load. This additional stretch accounts for 
the pre-tension that is developed during the cooling simulation. The amount of additional 
stretch is based on matching the first natural frequencies of the reference Spoke model 
with cooling. After iteration, the stretch value of 2.85 mm was determined to produce an 
equivalent first natural frequency.   
The simulated rolling analysis step for the 3-D single spoke model uses a 
displacement boundary condition to cause the spoke length profile vs. time to be the same 
as that obtained from the 2-D model as shown in orange box in Figure 3-42. 
Displacement data input to 3-D model shown in orange box corresponding to one 
revolution from 0.75 sec to 0.9 sec.  
3.7.2 Results of 2.85 mm Stretch and Profile Input in Explicit Dynamic 
Figure 3-51 shows the perpendicular distance of the vertical marker nodes from the 
plane passing through three corner nodes of the spoke. The spoke length vs. time 
obtained from this model is presented in Figure 3-50. Figure 3-50 shows the change in 





lateral spoke vibrations is extracted using Simulink toolboxes in MATLAB using the FFT 
function. 
 
Figure 3-50: Spoke length vs. Time using dynamic, explicit with stretch 2.85mm 


























Figure 3-51:  Perpendicular distance of vertical marker nodes from the plane vs. 
Time with 2.85 mm stretch  
Figures 3-52 and 3-53 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 240 Hz is preent in the vibration signal for both 
the middle and the upper quarter node. The amplitude of this peak is lower at the upper 
quarter node. Also a secondary amplitude peak can be seen near 255Hz for both the 
middle and the upper quarter node. The max amplitude peak of the upper quarter node is 
smaller than the max amplitude peak of the middle node. The peak near 240 Hz 
frequency for the vertical marker nodes is shifted higher from the frequency of the first 
amplitude peak at 190 Hz found in the two-dimensional rolling analysis shown earlier in 
































Figures 3-9 and 3-10.  The frequencies are shifted higher, while the peak amplitudes are 
smaller compared to the 3D spoke model with cooling. 
 
 






Figure 3-53: Frequency Spectrum for vertical upper quarter intermediate node 
 
Figure 3-54 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time.  Figures 3-55 and 3-56 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 3-54.  Both the middle node and the left quarter node have 
frequency peaks near 240 Hz and a secondary amplitude peak near 255Hz. As with the 
other cases considered earlier, for the horizontal marker nodes, the amplitude is higher at 
the left quarter node compared to the middle node.  The max amplitude peak of the left 
quarter and middle horizontal marker nodes are smaller than the max amplitude for the 








Figure 3-54: Perpendicular distance of horizontal marker nodes from the plane vs. 
Time using dynamic, explicit  
 

































Figure 3-55: Frequency spectrum of spoke vibrations for horizontal middle node 
 





3.8 Natural Frequencies and Mode Shapes 
In order to better understand the in-plane symmetric and the out-of-plane anti-
symmetric vibration modes, the natural frequencies of the reference spoke model are 
extracted. Steady-State Cooling and Stretch Steps are first performed followed by a 
frequency extraction in a single ABAQUS/Standard Job. Table 3-1 shows the natural 
frequencies for the three-dimensional reference spoke model extracted after the cooling 
followed by the 0.8 mm stretch step. The mode shapes corresponding to the first four 
frequencies are shown in Figure 3-57 through Figure 3-60. The results in Table 3-1 were 
first reported in [3, 4]. 




















Figure 3-57: Mode-1 (215.25 Hz): Reference Spoke with cooling and 0.8 mm stretch 
 







Figure 3-59: Mode-3 (257.15 Hz): Reference Spoke with cooling and 0.8 mm stretch 
 






Table 3-2 shows the natural frequencies for the thre-dimensional reference spoke 
model extracted after the 0.8 mm stretch step with no cooling. The mode shapes 
corresponding to the first four frequencies are shown in Figure 3-61 through Figure 3- 64. 











Table 3-2: Natural Frequencies: Reference Spoke model with 0.8 mm stretch, no 
cooling 
 







Figure 3-62: Mode-2 (163.83 Hz): Reference Spoke with no cooling and 0.8 mm 
stretch 
 







Figure 3-64: Mode-4 (201.16 Hz): Reference Spoke with no cooling and 0.8 mm 
stretch 
Table 3-3 shows the natural frequencies for the 3D reference spoke model 
extracted after a 2.85 mm stretch step and no cooling.  The mode shapes corresponding to 
the first four frequencies are shown in Figure 3-65 through Figure 3-68. The additional 
stretch 2.85 – 0.8 = 2.05 mm is determined such that the first natural frequency is nearly 
equivalent to the first natural frequency extracted from the cooling model.  In other 
words, the 2.85 mm stretch accounts for both the cooling and the 0.8mm stretch. The 
frequencies in this case are matching closely the frequencies of the reference spoke 


















Table 3-3: Natural Frequencies: Reference Spoke model with 2.85 mm stretch 
 
 







Figure 3-66: Mode-2 (216.32 Hz): Reference Spoke model with 2.85 mm stretch 
 






Figure 3-68: Mode-4 (259.01 Hz): Reference Spoke model with 2.85 mm stretch 
3.9 Conclusions 
The following table summarizes results from the FFT frequency spectrum 
analysis comparing the four different loading cases considered. These results show that 
the frequency at the first peak values decreases when cooling in ABAQUS/Standard is 
changed to Explicit or removed.  At the same time, th  vibration amplitude decreases.  















Cooling in Standard, 0.8 mm 
Stretch & Rolling Profile in 
Explicit 
200 Hz 1800 
2 
Cooling, 0.8 mm Stretch & 
Rolling Profile in Explicit 
180 Hz 1340 
3 
0.8 mm Stretch & Rolling 
Profile in Explicit 
175 Hz 1250 
4 
2.85 mm Stretch & Rolling 
Profile in Explicit 
240 Hz 595 
Table 3-4: Comparison of 1st peak frequency and amplitude in FFT frequency 
spectrum for different cases 
The following table summarizes the natural frequencies for the cases considered. Each of 
these Eigen value extractions are performed entirely in ABAQUS/Standard 
 Cooling + 0.8 mm 0.8 mm 2.85 mm 
Mode No. Frequency  Hz  Frequency  Hz  Frequency  Hz  
1 215.25 163.83 215.59 
2 216.03 164.55 216.32 
3 257.15 179.60 235.91 
4 290.08 201.16 259.01 
5 342.30 238.77 297.68 
6 411.15 293.99 353.54 
7 450.61 322.29 427.31 
8 450.66 323.62 455.78 
9 495.69 343.58 456.01 
10 517.35 367.30 485.93 
Table 3-5: Comparison of Natural Frequencies for different models. The numbers 





The following observations are made from the 3D spoke vibration models. The 
mode shapes show an out-of-plane flapping behavior of the reference spoke model which 
cannot be observed in the 2D model in all the four cases. 
1. In the first case, max amplitude peak at 200 Hz which is near the first modal 
frequency of 215 Hz. The max peak amplitude for the 3D model occurs at a 
frequency slightly higher than the 190 Hz peak predict  by the 2D model. The 
secondary amplitude peak in the 3D model at 235 Hz is near the Mode 3 modal 
frequency of 257 Hz. 
2. In the second case, max amplitude peak at 180 Hz is below the first modal 
frequency of 215 Hz. The max peak amplitude for the 3D model occurs at a 
frequency higher than the 120 Hz peak predicted by the 2D model. The secondary 
amplitude peak in the 3D model at 240 Hz is near the Mode 3 modal frequency of 
257 Hz. 
3. In the third case, maximum amplitude peak at 175 Hz which is near the third 
modal frequency of 179 Hz shown in Table 3-2. The max peak amplitude for the 
3D model occurs at a frequency higher than the 140 Hz peak predicted by the 2D 
model.  
4. In the fourth case, maximum amplitude peak at 240 Hz and the secondary 
amplitude peak at 255 Hz are between the third and the fourth modal frequencies 
of 235 and 259 Hz as shown in Table 3-5. The max peak amplitude for the 3D 
model occurs at a frequency slightly higher than the 190 Hz peak predicted by the 






ANALYSIS OF TWEEL TM    WITH MODIFIED SPOKE GEOMETRY   
In this chapter the sensitivity to vibration and amplitude for changes in spoke 
scalloping, thickness variation, and width changes ar  investigated.  
4.1 3D Scalloped Spokes 
It is hypothesized that scalloping the sides of spokes will reduce the amplitude of 
out-of-plane vibration [5, 6].  The three dimensional reference spoke model is scalloped 
in the sides with different distances and the analysis is run in order to see the variation of 
the vibrations when compared to the reference spoke. Th  simulation procedure for the 
scalloped models is very similar to what has been discussed earlier under section 3.6.1, 
simulation with no cool and 3.7.1, simulation with an additional stretch that includes 
pretension. The models include scalloping with side distance of 15mm, 20mm, 25mm 
and 30mm, 35mm and 40mm. The scalloped models were cr ated in Catia V5 and were 
imported into ABAQUS as CAT part. Since the spoke has curvature, the scalloping is 
created with circular arc projected from the plane of the spoke. The scalloped spoke 
model is meshed in the same fashion as for the referenc  spoke: eight node linear brick, 
reduced integration, hourglass control elements of type C3D8R, with 2 elements in the 
thickness direction.  For the analysis in this Chapter, the 2D rolling profile input for all 
the 3-D models considered is shown in the orange box in Figure 3-42 which corresponds 
to one revolution from 0.75 sec to 0.9 sec from the 2D Tweel analysis with no cooling 
described in the previous Chapter. The results for the different scalloped models are 





An interesting result which will be shown below is that with scalloping, the 
natural frequencies increased when compared to the reference spoke model. Scalloping 
removes material from spoke ends and thus reduces spoke mass. At the same time 
scalloping reduces stiffness. The increase in natural frequency for all modes indicates that 
the amount of mass removal from spoke ends outweighs loss in stiffness. A key result is 
that the effect of scalloping changes the Out-of-Plane Flapping Mode Shape 1 
(corresponding to the lowest natural frequency) to an In-Plane Bending Mode shape. 
Another interesting result which will be shown is scalloping significantly reduces 
the vibration amplitude and scalloping beyond a certain asymptotic value gives 
essentially no further improvement in reducing vibration amplitude. 
4.2 Scalloped 15mm 
4.2.1 Scalloped 15 mm without cooling 
Figure 4-2 shows the perpendicular distance of the vertical marker nodes.  The 
spoke length vs. time obtained from this model is the same as in Figure 3-43 for the 
reference spoke as expected. The oscillations have reduced with scalloping when 














Figure 4-2:  Perpendicular distance of vertical marker nodes with no cool restart 
Figures 4-3 and 4-4 show the FFT vibration spectra of the vertical middle node 
and upper quarter node.  An amplitude peak near 180 Hz is present in the vibration signal 
for both the middle and the upper quarter node. There is a slight shift in the frequency 
from 175 Hz to 180 Hz when compared to the reference spoke model. As was the case for 
the non-scalloped reference spoke, the max amplitude peak of the upper quarter node is 
smaller than the max amplitude peak of the middle node. A secondary amplitude peak is 
seen at 210 Hz for both the middle and the upper qua ter node.  
 
 


































Figure 4-3: Frequency Spectrum of spoke vibrations for vertical middle node 
 






Figure 4-6 shows the perpendicular distance of the horizontal nodes.  Figures 4-7 
and 4-8 show the FFT frequency spectra for the horizontal middle and horizontal left 
quarter nodes corresponding to the spoke vibration sig al shown in Figure 4-6. Both the 
horizontal middle node and the left quarter node have frequency peaks at 180 Hz. The 
vibration amplitude has been reduced compared to the reference spoke. 
 







Figure 4-6: Perpendicular distance of horizontal marker nodes from plane of spoke 
with no restart cooling 
 

































Figure 4-7: Frequency spectrum of spoke vibrations for horizontal middle node 
 





4.2.2 Scalloped 15mm with additional stretch 
Figure 4-9 shows the perpendicular distance of the vertical marker nodes. The 
spoke length vs. time obtained from this model is the same as in Figure 3-50 for the 
reference spoke as expected. The amplitude of the oscillations have reduced considerably 
when compared to the perpendicular distance of the ref rence spoke with additional 
stretch as shown in Figure 3-51. 
 
Figure 4-9:  Perpendicular distance of vertical marker nodes with additional stretch 
Figures 4-10 and 4-11 show the vibration spectra of the vertical middle node and 
upper quarter node.  An amplitude peak near 248 Hz is present in the vibration signal for 
































both the middle and the upper quarter node which is slightly higher than 240 Hz as seen 
for the reference spoke.  
 







Figure 4-11: Frequency Spectrum for vertical upper quarter intermediate node 
 
Figure 4-12 shows the perpendicular distance of the horizontal nodes. From the 
FFT frequency spectrum results corresponding to this signal (not shown), both the 
horizontal middle node and the left quarter node have frequency peaks at 248 Hz.  There 
is an additional secondary peak found at 275 Hz for the horizontal middle and upper 







Figure 4-12: Perpendicular distance of horizontal marker nodes from the plane  
4.3 Scalloped 20mm 
4.3.1 Scalloped 20mm without cooling  
Figure 4-14 shows the perpendicular distance of the vertical marker nodes from 
the spoke plane. The oscillations have reduced when compared to the perpendicular 
distance of the 15 mm scalloped spoke.  











































Figure 4-14:  Perpendicular distance of vertical marker nodes with no cooling 
restart 
Figures 4-15 and 4-16 show the vibration spectra of the vertical middle node and 
upper quarter node.  An amplitude peak near 180 Hz is present in the vibration signal for 
both the middle and the upper quarter node just as observed for the scalloped 15mm 
spoke model. The max amplitude peak of the upper qua ter node is smaller than the max 
amplitude peak of the middle node. A secondary amplitude peak near 210 Hz is seen for 
both the vertical middle and upper quarter node. 
 
 


































Figure 4-15: Frequency Spectrum of spoke vibrations for vertical middle node 
 





Figure 4-18 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Figures 4-19 and 4-20 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 4-18. Both the middle node and the left quarter node have 
frequency peaks near 180 Hz. For the horizontal marker nodes, the amplitude is higher at 
the left quarter node compared to the middle node.  The max amplitude peak of the left 
quarter and middle horizontal marker nodes are smaller than the max amplitude for the 
vertical nodes on the edges of the spoke. Additional pe k amplitude at 210 Hz is seen for 










Figure 4-18: Perpendicular distance of horizontal marker nodes  
 
Figure 4-19: Frequency spectrum for horizontal middle node 

































Figure 4-20: Frequency spectrum for horizontal left quarter intermediate node 
4.3.2 Scalloped 20mm with additional stretch  
Figure 4-21 shows the perpendicular distance of the vertical marker nodes from 





Figure 4-21:  Perpendicular distance of vertical marker nodes with aditional 
stretch 
Figures 4-22 and 4-23 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 248 Hz is preent in the vibration signal for both 
the middle and the upper quarter node. Also a secondary amplitude peak can be seen near 
280 Hz for both the middle and the upper quarter node.  

































Figure 4-22: Frequency Spectrum of spoke vibrations for vertical middle node 
 





Figure 4-24 shows the perpendicular distance of the horizontal nodes from the 
spoke plane as a function of time. Figures 4-25 and 4-26 show the frequency spectra for 
the horizontal middle and horizontal left quarter nodes corresponding to the spoke 
vibration signal shown in Figure 4-24. Both the horiz ntal middle node and the left 
quarter node have frequency peaks at 248 Hz. There is a secondary peak near 280 Hz for 
the horizontal middle node. For the horizontal marker nodes, the maximum amplitude is 
almost the same for both the left quarter node and the middle node. The max amplitude 
peak of the left quarter and middle horizontal marker nodes are slightly lesser than the 
max amplitude for the vertical nodes on the edges of the spoke.  
Figure 4-24: Perpendicular distance of horizontal marker nodes from plane with 
additional stretch 





































Figure 4-25: Frequency spectrum of spoke vibrations for horizontal middle node 
 





4.4 Scalloped 25mm 
4.4.1 Scalloped 25mm without cooling  
Figure 4-28 shows the perpendicular distance of the vertical marker nodes from 
the spoke plane. The oscillations have reduced when compared to the perpendicular 









Figure 4-28:  Perpendicular distance of vertical marker nodes with no cooling 
restart 
Figures 4-29 and 4-30 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 175 Hz is preent in the vibration signal for both 
the middle and the upper quarter node similar to the reference spoke model and slightly 
shifted from 180 Hz which is for the 15 mm and 20 mm scalloped spokes. Similar to the 
other scalloped and reference spokes, the max amplitude peak of the upper quarter node 
is smaller than the max amplitude peak of the middle node. Also a secondary peak near 
210Hz is present in both the middle and the upper qua ter node.  
 
  


































Figure 4-29: Spectrum of spoke vibrations for vertical middle node 
 






Figure 4-32 shows the perpendicular distance of the horizontal nodes from the 
spoke plane.  Figures 4-33 and 4-34 show the frequency spectra for the horizontal middle 
and horizontal left quarter nodes corresponding to the spoke vibration signal shown in 
Figure 4-32.  The middle node and the left quarter node have frequency peaks near 
175Hz. There is a secondary amplitude peak at 210Hz found in the horizontal middle 
marker node.  
 





Figure 4-32: Perpendicular distance of horizontal marker nodes from the plane with 
no cooling restart 
 

































Figure 4-33: Frequency spectrum of spoke vibrations for horizontal middle node 
 






4.4.2 Scalloped 25mm with Additional Stretch 
Figure 4-35 shows the perpendicular distance of the vertical marker nodes from 
the spoke plane.  
Figure 4-35:  Perpendicular distance of vertical marker nodes with aditional 
stretch 
From the FFT spectrum (not shown) an amplitude peak near 248 Hz is present in 
the vibration signal for both the middle and the upper quarter node. The amplitude of this 
peak is lower at the upper quarter node. Also a secondary amplitude peak can be seen 
near 285 Hz for the middle and the upper quarter node. The max amplitude peak of the 
upper quarter node is smaller than the max amplitude peak of the middle node.  
































Figure 4-36 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. From the FFT spectrum, it is observed that both the middle 
node and the left quarter node have frequency peaks near 248Hz. There is a secondary 
amplitude peak at 285Hz found in the horizontal middle marker node.  
 
Figure 4-36: Perpendicular distance of horizontal marker nodes from the plane  
4.5 Scalloped 30mm 
4.5.1 Scalloped 30mm with no cooling restart 
Figure 4-37 shows the perpendicular distance of the vertical marker nodes. The 
oscillations are reduced when compared the spoke with 25 mm scalloping.  





































Figure 4-37:  Perpendicular distance of vertical marker nodes with no cool restart 
From the FFT spectrum (not shown), an amplitude peak n r 175 Hz is present in 
the vibration signal for both the middle and the upper quarter node. A secondary peak at 
215 Hz is present in both the middle and the upper qua ter node.  
Figure 4-39 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Figures 4-40 and 4-41 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 4-39. Both the middle node and the left quarter node have 
frequency peaks near 175 Hz. There is a secondary amplitude peak at 215Hz found in the 
horizontal middle marker node.  
  


































Figure 4-38: Horizontal Marker Nodes for the Scalloped 30mm Spoke Model 
 
Figure 4-39: Perpendicular distance of horizontal marker nodes with no restart 
cooling 

































Figure 4-40: Frequency spectrum of spoke vibrations for horizontal middle node 
 





4.5.2 Scalloped 30mm with additional stretch  
Figure 4-42:  Perpendicular distance of vertical marker nodes  
From the FFT spectrum an amplitude peak near 248 Hz is present in the vibration 
signal for both the middle and the upper quarter node.  A secondary amplitude peak is 
observed near 290 Hz for the middle and the upper qua ter node.  
4.6 Natural Frequencies and Mode Shapes 
Table 4-1 shows the natural frequencies for the thre-dimensional scalloped spoke 
model extracted after the stretch step with no cool. The mode shapes corresponding to the 
first four frequencies are shown in Figure 4-43 through Figure 4-58. Table 4-2 shows the 
natural frequencies of the scalloped model with cooling followed by the stretch 0.8mm 
which should match closely the first two natural frequencies obtained with additional 
































stretch (2.85mm) frequency. The mode shapes corresponding to the first four natural 
frequencies with cooling are similar to the mode shapes with no cooling, and are not 
shown.  






















1 163.83 167.86 167.25 166.34 165.61 
2 164.55 171.71 171.98 172.03 172.44 
3 179.60 189.41 192.61 195.98 200.05 
4 201.16 220.73 228.29 236.72 246.63 
5 238.77 273.07 287.35 303.60 308.88 
6 293.99 321.74 317.93 313.37 312.22 
7 322.29 324.98 321.17 316.64 322.55 
8 323.62 348.29 351.02 351.48 352.34 
9 343.58 350.31 371.50 394.04 399.08 
10 367.30 385.82 389.88 397.93 428.09 
Table 4-1: Natural Frequencies for Scalloped Spoke model with no cooling, 
0.8mm stretch 






















1 215.25 236.34 237.42 237.75 237.66 
2 216.03 245.03 249.14 252.34 255.09 
3 257.15 280.22 288.11 295.77 303.40 
4 290.08 328.83 342.43 356.38 370.87 
5 342.30 397.23 417.83 439.74 463.15 
6 411.15 484.52 483.87 481.10 476.98 
7 450.61 485.93 486.51 484.27 480.49 
8 450.66 486.41 515.09 529.86 530.31 
9 495.69 526.93 528.81 546.69 580.25 
10 517.35 564.02 570.09 575.38 580.80 







Figure 4-43: Mode-1 (167.86 Hz) of the Scalloped 15mm Spoke model 
 
 






Figure 4-45: Mode-3 (189.41 Hz) of the Scalloped 15mm Spoke model 
 







Figure 4-47: Mode-1 (167.25 Hz) of the Scalloped 20mm Spoke model 
 






Figure 4-49: Mode-3 (192.61Hz) of the Scalloped 20mm Spoke model 
 







Figure 4-51: Mode-1 (166.34Hz) of the Scalloped 25mm Spoke model 
 






Figure 4-53: Mode-3 (195.98Hz) of the Scalloped 25mm Spoke model 
 







Figure 4-55: Mode-1 (165.61Hz) of the Scalloped 30mm Spoke model 
 






Figure 4-57: Mode-3 (200.05Hz) of the Scalloped 30mm Spoke model 
 





4.7 Conclusions of Scalloped Spoke Study 
MODELS FREQUENCY  
(Hz) 
MAX AMPLITUDE  
Reference Spoke 175 1250 
Scalloped 15mm 180 1000 
Scalloped 20mm 180 750 
Scalloped 25mm 175 480 
Scalloped 30mm 175 360 
Scalloped 35 mm 175 350 
Scalloped 40 mm 175 350 
Table 4-3: Max Peak Frequency and Amplitude from FFT Spectrum of 
Perpendicular Distance from Spoke Plane for Scalloped Models without cooling 

















MAX AMPLITUDE  
Reference Spoke 240 595 
Scalloped 7 mm 248 140 
Scalloped 15mm 248 100 
Scalloped 20mm 248 130 
Scalloped 25mm 248 200 
Scalloped 30mm 248 280 
Scalloped 35mm 248 400 
Scalloped 40mm 248 460 
Table 4-4: Max Peak Frequency and Amplitude from FFT Spectrum of 
Perpendicular Distance from Spoke Plane for Scalloped Models without cooling 






Figure 4-59 collects data from the FFT frequency spectrum of the max amplitude 
peak for the vertical middle node in Table 4-3 and shows maximum amplitude peak 
versus amount of scalloping with no cooling restart. The results indicate that scalloping 
significantly reduces the vibration amplitude and 25 to 30 mm of scalloping gives the 
largest amplitude reduction.  Scalloping beyond this value gives essentially no further 
reduction in vibration amplitude in the case of no cooling. The amplitude starts to level 
off at 25 mm and reaches an asymptote at 30mm of scalloping.   
 
Figure 4-59 shows maximum amplitude in FFT frequency response vs. amount of 
scalloping with no cooling restart and 0.8 mm stretch. 
 

























Figure 4-60 shows maximum amplitude in FFT frequency response vs. amount of 
scalloping without cooling restart and 2.85 mm stretch.   
Figure 4-60 shows maximum amplitude in FFT frequency response vs. amount of 
scalloping with without cooling restart and 2.85 stretches from Table 4-4.  The amplitude 
decreases with scalloping but then increases for scalloping larger than 15 mm.  Although 
the amplitude increases for scalloping larger than 15 mm, the value is still significantly 
lower than the amplitude for the reference spoke which as no scallop. 
The following observations are made from the Scalloped Spoke Models 
1. The frequencies of maximum amplitude for different amounts of scalloping 
remained the nearly the same.   




















2. The frequencies of maximum amplitude for the spokes with 2.85 mm stretch are 
almost twice as high as the 0.8 mm stretch case.  
3. The amplitudes of scalloped models with 2.85mm stretch are less than or equal to 
the amplitudes of scalloped models with 0.8mm stretch.  
4. The amplitudes with 0.8mm stretch decrease to an asymptotic value with 
increasing scalloping. The amplitude starts to level off at 25 mm and reaches an 
asymptote at 30mm of scalloping.   
5. The amplitudes with 2.85mm stretch initially decreas  with 15mm scalloping, but 
then when reaching a minimum value, the amplitudes increase slightly with 
further increase in scalloping. Although the amplitude increases for scalloping 
larger than 15 mm, the value is still significantly lower than the amplitude for the 
reference spoke which has no scallop. 
6. Due to symmetry, the frequency spectrum patterns for the first and last nodes are 
the same. Similarly, the frequency spectrum patterns for the left and right quarter 
nodes are the same.  
7. The natural frequencies increased with scalloping when compared to the reference 
spoke model in both the cases, with and without cooling. 
8. The effect of scalloping changes the Out-of-Plane Flapping Mode Shape 1 
(corresponding to the lowest natural frequency) to an In-Plane Bending Mode 
shape.  
9. The max amplitude peak for the scalloped models with 0.8mm stretch is between 





10. The max amplitude peak for the scalloped models with 2.85mm stretch near the 
second modal frequency.  
11. These results indicate that by varying the amount of scalloping in individual 
spokes, it may be possible to tailor variations in amplitudes to tune or reduce 
noise due to spoke vibrations. 
4.8 Half Width Scalloped 15mm Spoke Model with no cooling 
In this study, the length of the 3D spoke model is reduced from 210mm to 105mm 
including scalloping with a side distance of 15mm as shown in Figure 4-64. The 
simulation procedure for the half length scalloped 15mm spoke model involves two steps: 
tensioning the spokes by giving a displacement value of 0.8mm in the vertical direction 
followed by the Profile Input, same as discussed earlier in section 3.6.1. The model was 
created using Catia V5 and was imported into ABAQUS as CAT part and meshed in the 
same way as earlier models.  
4.9 Results from 3D Half Width, Scalloped 15mm spoke 
4.9.1 Half Width Scalloped 15mm without cooling  and 0.8mm stretch 
Figure 4-61 shows the perpendicular distance of the vertical marker nodes (from 
the spoke plane.  The results show oscillations for the perpendicular distance of the 
vertical nodes for the Half-Width model are the same as that observed in the Full-Width 





Figure 4-61:  Perpendicular distance of vertical marker nodes with no cool restart 
and 0.8mm stretch 
Figures 4-62 and 4-63 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 180 Hz is preent in the vibration signal for both 
the middle and the upper quarter node.  
 
 


































Figure 4-62: Frequency Spectrum of spoke vibrations for vertical middle node 
 






Figure 4-65 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Figures 4-66 and 4-67 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 4-65.  Both the middle node and the left quarter node have 
frequency peaks near 180 Hz. For the horizontal marker nodes, the amplitude is almost 
the same for both the left quarter node and the middle node.  The max amplitude peak of 
the left quarter and middle horizontal marker nodes are smaller than the max amplitude 
for the vertical nodes on the edges of the spoke.  
 






Figure 4-65: Perpendicular distance of horizontal marker nodes from the plane 
 

































Figure 4-66: Frequency spectrum of spoke vibrations for horizontal middle node 
 





4.10 Natural Frequencies and Mode Shapes 
Table 4-5 shows the natural frequencies for the thre-dimensional half length, 
scalloped 15mm spoke model extracted after the 0.8 mm stretch step with no cool and the 
mode shapes corresponding to the first four frequencies are shown in Figure 4-68 through 
Figure 4- 71.  











Table 4-5: Natural Frequencies of the Half Width Scalloped 15mm Spoke model 







Figure 4-68: Mode-1 (170.22Hz) of the Half Width Scalloped 15mm Spoke model 
 






Figure 4-70: Mode-3 (287.94Hz) of the Half Width Scalloped 15mm Spoke model 
 






4.11 Conclusions for Half Width 
SPOKE MODELS FREQUENCY MAX AMPLITUDE  
Reference Spoke 175 Hz 1250 
Scalloped 15mm 180 Hz 1000 
Half Width, Scalloped 15mm 180 Hz 1000 
Table 4-6: FFT Spectrum Results: Comparison of frequency and amplitude at 
max peak 





Scalloped 15mm  
Mode 
No. 
Frequency  Hz  Frequency  Hz  Frequency  Hz  
1 163.83 167.86 170.22 
2 164.55 171.71 192.00 
3 179.60 189.41 287.94 
4 201.16 220.73 322.78 
5 238.77 273.07 348.67 
6 293.99 321.74 452.81 
7 322.29 324.98 492.96   
8 323.62 348.29 592.55 
9 343.58 350.31 614.59 
10 367.30 385.82 641.00 
Table 4-7: Comparison of Natural Frequencies 
1. The natural frequencies for the half width, scalloped 15mm increased when 
compared to the scalloped 15mm spoke model 
2. Due to symmetry, the frequency spectrum patterns for the first and last nodes are 
the same. Similarly, the frequency spectrum patterns for the left and right quarter 





3. The frequency of maximum amplitude for the half width, scalloped 15mm model 
and also the peak amplitude did not change when compared to the scalloped 
15mm with no cool. 
4. The 180 Hz max amplitude peak for the half width, scalloped 15mm model with 
no cool is between the first and the second modal frequency of 170 and 192 Hz. 
4.12 Variable Thickness Spoke Model 
In this study, the thickness of the reference spoke model is changed towards the 
top and the bottom of the spoke. The reference spoke thickness is 3mm and it is increased 
to 4.5mm at the top and the bottom of the spoke maintaining 3mm at the middle of the 
spoke as shown in Figure 4-72. The model was created using Catia V5 and was imported 
into ABAQUS as CAT part.  The simulation procedures for the variable thickness spoke 
are the same as the scalloped models. The variable thickness spoke model is meshed in 
the same way as the scalloped models and uses the same 2D input rolling profile.  
4.13 Results for 3D Variable Thickness Spoke 
4.13.1 Results with no cooling and 0.8 mm stretch 
Figure 4-73 shows the perpendicular distance of the marker nodes (vertical) from 
the plane passing through three nodes. The green, blue and magenta lines represent 
perpendicular distance of the middle, upper and lower marker nodes respectively. The 
perpendicular distance of the end nodes is zero. The oscillations increased when 












Figure 4-73:  Perpendicular distance of vertical marker nodes from the plane vs. 
Time using dynamic, explicit with no cool restart 
Figures 4-74 and 4-75 show the vibration spectra of the middle node and upper 
quarter node.  An amplitude peak near 225 Hz is preent in the vibration signal for both 
the middle and the upper quarter node. This frequency value is much higher when 
compared to the reference and the scalloped models which was around 180 Hz. The 
amplitude of this peak is lower at the upper quarter node. The max amplitude peak of the 
upper quarter node is smaller than the max amplitude peak of the middle node.  
 


































Figure 4-74: Frequency Spectrum of spoke vibrations for vertical middle node 
 





Figure 4-76 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Curves for the first and last end nodes are the same. 
Similarly, curves for the intermediate left and right quarter nodes are the same.  Figures 
4-77 and 4-78 show the frequency spectra for the horizontal middle and horizontal left 
quarter nodes corresponding to the spoke vibration sig al shown in Figure 4-76. Both the 
middle node and the left quarter node have frequency peaks near 225 Hz. For the 
horizontal marker nodes, the amplitude is higher at the left quarter node compared to the 
middle node. The max amplitude peak of the left quarter and middle horizontal marker 
nodes are smaller than the max amplitude for the vertical nodes on the edges of the 
spoke.  
 
Figure 4-76: Perpendicular distance of horizontal marker nodes from the spoke 
plane  

































Figure 4-77: Frequency spectrum of spoke vibrations for horizontal middle node 
 





4.13.2 Results of Additional Stretch and Profile Input forVariable Thickness using 
Explicit Dynamic 
Figure 4-79 shows the perpendicular distance of the marker nodes (vertical) from 
the plane passing through three nodes. The green lin  represents perpendicular distance 
of the middle marker node and, the blue and magenta li es are the upper and lower 
intermediate quarter marker nodes respectively.  
Figure 4-79:  Perpendicular distance of vertical marker nodes 
From the FFT spectrum an amplitude peak near 270 Hz is present in the vibration 
signal for both the middle and the upper quarter node which is again higher when 
compared to the reference and the scalloped models with pretension which was around 
































248 Hz. The max amplitude peak of the upper quarter node is smaller than the max 
amplitude peak of the middle node.  
Figure 4-80 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. From the FFT spectrum both the middle node and the left 
quarter node have frequency peaks near 270Hz. For the horizontal marker nodes, the 
amplitude is slightly higher at the left quarter node compared to the middle node. The 
max amplitude peak of the left quarter and middle horizontal marker nodes are smaller 
than the max amplitude for the vertical nodes on the edges of the spoke.  
 
Figure 4-80: Perpendicular distance of horizontal marker nodes from the spoke 
plane  
 




































4.14 Natural Frequencies and Mode Shapes of the Variable thickness model 
Table 4-8 shows the natural frequencies for the three-dimensional variable 
thickness spoke model extracted after the stretch step in the case of no cooling. The mode 
shapes corresponding to the first four frequencies are shown in Figure 4-81 through 
Figure 4-84. Table 4-8 also shows the natural frequencies of the variable thickness model 
with cooling followed by the stretch 0.8mm. The mode shapes have similar appearance to 
the no cooling model and are not shown. 
 
 No Cooling With Cooling 
Mode No. Frequency  Hz  Frequency  Hz  
1 224.14 254.59 
2 225.57 256.35 
3 244.83 295.91 
4 272.47 335.81 
5 318.36 395.59 
6 383.47 473.85 
7 395.24 494.80 
8 396.76 494.89 
9 418.91 558.87 
10 450.54 569.75 







Figure 4-81: Mode-1 (224.14Hz) of the Variable Thickness Spoke model 
 






Figure 4-83: Mode-3 (244.83Hz) of the Variable Thickness Spoke model 
 





4.15 Conclusions for Variable Thickness 
 Reference Spoke Variable Thickness 
Spoke 
Mode No. Frequency  Hz  Frequency  Hz  
1 163.83 224.14 
2 164.55 225.57 
3 179.60 244.83 
4 201.16 272.47 
5 238.77 318.36 
6 293.99 383.47 
7 322.29 395.24 
8 323.62 396.76 
9 343.58 418.91 
10 367.30 450.54 
Table 4-9: Natural Frequencies for Spoke Models without cooling and 0.8 m 
stretch 
 Reference Spoke Variable Thickness 
Spoke 
Mode No. Frequency  Hz  Frequency  Hz  
1 215.25 254.59 
2 216.03 256.35 
3 257.15 295.91 
4 290.08 335.81 
5 342.30 395.59 
6 411.15 473.85 
7 450.61 494.80 
8 450.66 494.89 
9 495.69 558.87 
10 517.35 569.75 









SPOKE MODELS FREQUENCY MAX AMPLITUDE  
Reference Spoke 175 Hz 1250 
Variable Thickness 225 Hz 1210 
Table 4-11: Frequency and Amplitude at Max Peak in FFT Spectrum for Spoke 
Models without cooling 
SCALLOPED MODELS FREQUENCY MAX AMPLITUDE  
Reference Spoke 240 Hz 595 
Variable Thickness 270 Hz 220 
Table 4-12: Frequency and Amplitude at Max Peak in FFT Spectrum for Spoke 
Models without cooling with additional stretch 
1. The natural frequencies for the variable thickness spoke model have increased 
when compared to the reference spoke, scalloped spoke and half length scalloped 
spoke models. 
2. The frequency of the peak amplitude increased when compared to both the 
scalloped and the reference spoke model. 
3. When compared to the reference spoke the maximum amplitude decreased for the 
variable thickness spoke in both the cases. 
4. The 225 Hz max amplitude peak for the variable thickness spoke model with no 
cool is near the first and second modal frequency 
5. The 270 Hz max amplitude for the variable thickness spoke model with cool is 







ANALYSIS OF TWEEL WITH MODIFIED SPOKE CURVATURE 
 
In this Chapter, the effects of changes in spoke curvat re on spoke vibration are 
considered.  Since the curvature remains uniform through the spoke width, analysis with 
the 2D Tweel modeling procedures used for the reference spoke are used to develop a 
new cooling result, load-deflection curve, and 2D rolling input profile consistent with a 
3D spoke model with the same curvature.  For the analysis in this study, both the 2D 
Tweel and 3D models use restart from an explicit cooling analysis performed in 
ABAQUS/Explicit.  In Section 5.1, a 7.5 mm spoke curvature is considered. In Section 
5.2, a 2.5mm spoke curvature is considered. The reference spoke has a curvature of 5mm. 
5.1 2D Tweel with 7.5mm curvature 
In this case the curvature of the reference spoke is increased from 5mm to 7.5mm 
using the Tweel plug-in described in Chapter 2. 
5.1.1 Cooling using Explicit Dynamic, Temperature-Displacement 
The cooling analysis of the 2D TweelTM is done using ABAQUS/Explicit 
Temperature-Displacement. This is similar to the procedure that was followed for the 2D 
TweelTM with reference spoke which was discussed earlier in section 3.2.1. The 2D 
Tweel is cooled from 1250C to 250C by keeping the reference points of the TweelTM and 
the ground fixed and by defining a boundary condition of 250C for the entire TweelTM. 






5.1.2 Load Deflection Curve 
To determine the ground displacement corresponding to one-quarter vehicle 
weight to be used for ABAQUS/Explicit loading and rolling analysis steps, a separate 
ground push-up analysis is performed with the wheel ub center point held fixed. To be 
consistent with the explicit rolling analysis, a load-deflection curve is computed using 
ABAQUS/Explicit after restarting from a cooling analysis.  A maximum vertical ground 
displacement is defined and ramped with a smooth amplitude step over 1 sec and the 
reaction force is measured.  Results for vertical wheel load in daN per unit wheel width 
vs. deflection curve are shown in Figure 5-1. Due to the explicit cooling restart, high-
frequency oscillations appear in the result. In future work, it is suggested that a standard 
SAE filter be used to smooth the data curve.  From the load-deflection curve, the vertical 
displacement corresponding to one-quarter vehicle load on the wheel of 1.75 daN per unit 
width is found to be 21.5mm. This value for the 7.5mm curvature spokes is larger than 
the 18.3mm value obtained from the load-deflection curve for the reference spoke with 





Figure 5-1: Load-deflection curve of the TWEEL for 7.5mm spoke curvature using 
Explicit Dynamics, Temp-disp, over 1 sec. 
5.1.3 Loading and Rolling using Dynamic, Temp-disp, Explicit 
The loading and rolling analysis steps are performed for a simulation time period 
of 0.5 seconds each in ABAQUS/Explicit. In the loading step, the ground is smoothly 
ramped to a vertical displacement of 21.5 mm which corresponds to the one-quarter 
vehicle load on the wheel of 1.75 daN per unit wheel width as shown in Figure 5-1. The 
vertical position of the ground is then held constat during the rolling step and the rolling 
simulation is carried out using the boundary conditions, constraints and the initial 
velocities discussed earlier in Section 3.1.2. 





















5.1.4 Results of Cooling  in , Explicit Dynamics, Temperatu e-displacement 
Figure 5-2 shows the spoke length decreased by approximately 0.186 mm during 
cooling from 125 to 25 degrees. The decrease in the spoke length seems to be lower than 
0.25mm which is the decrease in spoke length for the reference spoke with curvature 
5mm. The initial distance between the marker nodes and the straight line passing through 
the top and the bottom end marker node is increased du  to curvature change and the 
cooling results shows the perpendicular distance of the spokes reduced during cooling   
indicating tensioning (straightening) of the spokes as shown in Figure 5-3.   
Figure 5-2: Change in length of the spoke vs. Time during cooling in Explicit 
Dynamics, Temperature-displacement 





















Figure 5-3: Perpendicular distance of marker nodes vs. Time during the cooling 
phase in Explicit Dynamics, Temperature-displacement 
5.1.5 Results of loading and rolling in Explicit Dynamic, Temperature-displacement 
Figure 5-4 shows the pattern of the spoke length vs. time during the loading and 
the rolling phase using Explicit Dynamics after cooling restart from Explicit Dynamics, 
temperature-displacement. Figure 5-5 shows the lateral spoke vibrations during the 
loading and the rolling phase of the simulation using Explicit Dynamics. When compared 
to the perpendicular distance of the reference spoke, there has been an increase in the 
oscillations with the 7.5mm curvature spoke .The frequency spectrum of these lateral 
spoke vibrations is extracted using Simulink toolboxes in MATLAB using the FFT 
function. 




































Figure 5-4: Spoke length vs. Time for wheel during Loading and rolling  
 























Figure 5-5: Perpendicular distance of Marker nodes during the Loading and Rolling 
for 7.5mm curvature  
Figure 5-6 and Figure 5-7 shows the frequency spectrum of the middle node and 
the upper quarter node lateral spoke vibrations respectively from 1.6 seconds to 2 seconds 
during the rolling phase of the simulation. It is observed that the  upper quarter node 
along with the middle node have frequency peaks at 135 Hz and 510 Hz while the upper 
quarter  nodes show an additional peak at 295 Hz which is absent in the middle node 
frequency spectrum.  
 




































Figure 5-6: Frequency spectrum of upper middle node lateral spoke vibrations 
 





5.2 2D TweelTM with 2.5mm curvature  
In this case the curvature of the reference spoke is d creased from 5mm to 2.5mm 
using the plug-in. 
5.2.1 Cooling using Explicit Dynamic, Temperature-Displacement 
The cooling analysis of the 2D TweelTM is done using ABAQUS/Explicit 
Temperature-Displacement. This is similar to the procedure that was followed for the 2D 
TweelTM with 7.5mm curvature spoke.   
5.2.2 Load Deflection Curve 
Results for vertical wheel load in daN per unit wheel width vs. deflection curve 
are shown in Figure 5-8. The vertical displacement corresponding to one-quarter vehicle 
load on the wheel of 1.75 daN per unit width is found to be 15.9 mm.   This value for the 
2.5mm curvature spokes is smaller than the 21.5mm value obtained for the spoke with 





Figure 5-8: Load-deflection curve of the TweelTM  for 2.5mm spoke curvature using 
Explicit Dynamics, Temp-disp, over 1 sec. 
5.2.3 Loading and Rolling using Dynamic, Temp-disp, Explicit 
The loading and rolling analysis steps are performed for a simulation time period 
of 0.5 seconds each in ABAQUS/Explicit. In the loading step, the ground is smoothly 
ramped to a vertical displacement of 15.9 mm which corresponds to the one-quarter 
vehicle load on the wheel of 1.75 daN per unit wheel width as shown in Figure 5-8. The 
loads here are per unit wheel width.  
 
 






















5.2.4 Results of Cooling in Explicit Dynamics, Temperature-displacement 
Figure 5-9 shows the spoke length decreased by approximately 0.308 mm during 
cooling from 125 to 25 degrees. The amount of spoke length decreased is greater when 
compared to both the 5mm Curvature Reference spoke and the 7.5mm Curvature spoke. 
The initial distance between the marker nodes and the s raight line passing through the 
top and the bottom end marker node is reduced due to curvature change and the cooling 
results shows the perpendicular distance of the spokes reduced during cooling   indicating 
tensioning (straightening) of the spokes as shown in Figure 5-10.   
Figure 5-9: Change in length of the spoke vs. Time during cooling in Explicit 
Dynamics, Temperature-displacement 

























Figure 5-10: Perpendicular distance of marker nodes vs. Time during the cooling 
phase in Explicit Dynamics, Temperature-displacement 
5.2.5 Results of loading and rolling in Explicit Dynamic, Temperature-displacement 
Figure 5-11 shows the pattern of the spoke length vs. time during the loading and 
rolling phase using Explicit Dynamics after cooling restart from Explicit Dynamics, 
temperature-displacement. Figure 5-12 shows the lateral spoke vibrations during the 
loading and the rolling phase of the simulation using Explicit Dynamics. When compared 
to the perpendicular distance of the reference spoke and the Curvature 7.5mm spoke, 
there has been an increase in the oscillations with the 2.5mm curvature spoke. 
 

































Figure 5-11: Spoke length vs. Time for wheel during Loading and rolling  
 



























Figure 5-12: Perpendicular distance of Marker nodes during the Loading and 
Rolling for 2.5mm curvature  
Figure 5-13 and Figure 5-14 shows the frequency spectrum of the middle node 
and the upper quarter node lateral spoke vibrations respectively from 1.6 seconds to 2 
seconds during the rolling phase of the simulation. It is observed that the middle node and 
upper quarter node has frequency peaks near 150 Hz while the upper quarter nodes has a 
secondary frequency peak at 310 Hz. Also an additional frequency peak is noticed for 
both the marker nodes at 550 Hz. 



































Figure 5-13: Frequency spectrum of middle node lateral spoke vibrations  
 






5.3 3D Spoke model with 7.5mm Curvature 
5.3.1 3D Spoke using Explicit Dynamic, Temperature-displacement 
In this case all the three steps; Cooling, Stretch and Profile Input are performed 
together in a single analysis in Abaqus/Explicit Dynamics without using any restart file. 
The spoke model is meshed as usual with linear hexahedr l eight node thermally coupled 
brick, tri-linear displacement and temperature, reduc  integration, hourglass control 
elements of type C3D8RT, with 2 elements in the thickness direction as shown in Figure 
5-17.  
Figure 5-15 shows the spoke length change on a top sp ke 180 degrees opposite 
the bottom spoke during loading from reaction force-displacement graph using Explicit 
Dynamic after restart from cooling. Results indicate that the spoke length increases by 
approximately 2.795 mm during the loading phase. This 2.795 mm is the amount of 
stretch used in the 3D single spoke model prior to dynamic spoke length profile input 
step.  In future work it is suggested to use a standard SAE filter to smooth this curve.  
The cooling analysis step is performed in Abaqus/Dynamics, Temp-disp, Explicit 
from a temperature of 1250C to 250C followed by the tensioning of the spoke in the upper 
region by specifying a displacement value of 2.795 mm in the vertical direction. The 
boundary conditions and the initial conditions for the Cooling and the Loading step are 
the same as described in section 3.4.1 and 3.4.2. The simulated rolling analysis step for 
the 3-D single spoke model uses a displacement boundary condition to cause the spoke 





orange box in Figure 5-16. Displacement data input to 3-D model shown in orange box 
corresponding to one revolution from 1.75 sec to 1.9 sec.  
 
 
Figure 5-15: Spoke length change for the top spoke vs. Time during loading phase 
for 7.5mm curvature 
 


























Figure 5-16: Spoke length vs. Time for wheel during using Explicit Dynamic, Temp-
disp with cooling restart from Explicit Dynamic, Temp-disp 
5.3.2 Results of Stretch and Profile Input with cooling for 7.5mm curvature spoke 
model in Explicit Dynamic, Temperature-displacement  
Figure 5-19 shows the perpendicular distance of the vertical marker nodes from 
the plane passing through three nodes. The spoke length vs. time obtained from this 
model is presented in Figure 5-18.  
 
 





























































Figure 5-19:  Perpendicular distance of vertical marker nodes from the plane vs. 
Time for 7.5mm Curvature Spoke using Explicit Dynamic, Temp-disp  
Figures 5-20 and 5-21 show the vibration spectra of the middle node and upper 
quarter node.  A frequency peak near 210 Hz is present in the vibration signal for both the 
middle and the upper quarter node. Also a secondary frequency peak is seen at 225 Hz 
for both the marker nodes. The max amplitude peak of the upper quarter node is smaller 
than the max amplitude peak of the middle node. The peak near 210 Hz frequency for the 
vertical marker nodes remained the same from the frequency of the first amplitude peak 
found in the 2D rolling analysis for the reference spoke. 
 




































Figure 5-20: Spectrum of 7.5mm Curvature spoke vibrations for vertical middle 
node  
 





Figure 5-22 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. Figures 5-23 and 5-24 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 5-22.  The middle node has frequency peak near 225 Hz and the 
left quarter node has frequency peak near 210 Hz. For the horizontal marker nodes, the 
amplitude is higher at the left quarter node compared to the middle node.  The max 
amplitude peak of the left quarter and middle horizontal marker nodes are smaller than 
the max amplitude for the vertical nodes on the edges of the spoke.  
Figure 5-22: Perpendicular distance of horizontal marker nodes from the plane for 
7.5mm Curvature Spoke  
 


































Figure 5-23: Spectrum of 7.5mm curvature spoke vibrations for horizontal middle 
node 
 





5.4 3D Spoke model with 2.5mm Curvature 
5.4.1 Cooling, Stretch and Profile input analysis using Explicit Dynamic, 
Temperature-displacement 
The above analysis is repeated now with 2.5mm curvat re spokes. Figure 5-25 
shows the spoke length change on a top spoke 180 degrees opposite the bottom spoke 
during loading from reaction force-displacement graph using dynamic, temp-disp, 
explicit after restart from cooling. Results indicate that the spoke length increases by 
approximately 1.514 mm during the loading phase. This 1.514 mm is the amount of 
stretch used in the 3D single spoke model prior to dynamic spoke length profile input 
step.  
The simulated rolling analysis step for the 3-D single spoke with 2.5mm model 
uses a displacement boundary condition to cause the spoke length profile vs. time to be 
the same as that obtained from the 2-D model with 2.5mm curvature as shown in orange 
box in Figure 5-26. Displacement data input to 3-D model shown in orange box 





Figure 5-25: Spoke length change for the top spoke vs. Time during loading phase 
for 2.5mm curvature 
 
 























Figure 5-26: Spoke length vs. Time for wheel during rolling at using Explicit 
Dynamic, Temp-disp with cooling restart from Explicit Dynamic, Temp-disp 
5.4.2 Results of Stretch and Profile Input for 2.5mm curvature spoke model in 
Explicit Dynamic, Temp-disp 
Figure 5-28 shows the perpendicular distance of the vertical marker nodes from 
the spoke plane.  The oscillations decreased when compared to the 7.5mm Curvature 
































Figure 5-27: Spoke length vs. Time using dynamic, explicit  





























Figure 5-28:  Perpendicular distance of vertical marker nodes for 2.5mm Curvature  
Figures 5-29 and 5-30 show the vibration spectra of the middle node and upper 
quarter node.  A frequency peak near 225 Hz is present in the vibration signal for both the 
middle and the upper quarter node. There is a shiftin the frequency to a higher value 
from 210 Hz when compared to the 7.5mm Curvature spoke. The max amplitude peak of 
the upper quarter node is smaller than the max amplitude peak of the middle node. The 
peak near 225 Hz frequency for the vertical marker nodes is shifted higher from the 
frequency of the first amplitude peak at 210 Hz found in the 2D rolling analysis of the 
reference spoke using the same analysis procedures..   
 
 


































Figure 5-29: Frequency Spectrum of spoke vibrations for vertical middle node 
 





Figure 5-31 shows the perpendicular distance of the horizontal nodes from the 
plane as a function of time. The oscillations reduce drastically when compared to the 
7.5mm curvature spoke. Figures 5-32 and 5-33 show the frequency spectra for the 
horizontal middle and horizontal left quarter nodes corresponding to the spoke vibration 
signal shown in Figure 5-31. The middle node has a frequency peak near 245 Hz and the 
left quarter node has frequency peak near 225 Hz. The max amplitude peak of the left 
quarter and middle horizontal marker nodes are smaller than the max amplitude for the 
vertical nodes on the edges of the spoke.  
Figure 5-31: Perpendicular distance of horizontal marker nodes from the plane for 
2.5mm curvature  


































Figure 5-32: Spectrum of 2.5mm curvature spoke vibrations for horizontal middle 
node 
 





5.5 Natural Frequencies and Mode Shapes 
Table 5-1 shows the natural frequencies for the 3D, 7.5mm and 2.5 mm curvature 
spoke models extracted after the cooling followed by the stretch step.  The mode shapes 
for the 7.5 mm curvature spoke corresponding to the first four frequencies are shown in 
Figure 5-34 through Figure 5-37. Mode shapes for the 2.5 mm curvature spoke have 
similar appearance and are not shown. 
 7.5 mm Curvature 5.0 mm curvature 2.5 mm Curvature 
Mode No. Frequency  (Hz) Frequency  Hz  Frequency  (Hz)  
1 232.08 215.25 253.81 
2 232.75 216.03 254.67 
3 272.17 257.15 295.02 
4 301.44 290.08 327.92 
5 348.53 342.30 380.34 
6 409.98 411.15 449.77 
7 470.29 450.61 523.93 
8 470.31 450.66 523.98 
9 484.50 495.69 535.22 
10 536.94 517.35 588.96 
Table 5-1: Natural Frequencies of Reference 5mm Curvature Spoke compared 







Figure 5-34: Mode-1 (232.08Hz) of the 7.5mm Curvature Spoke model 
 






Figure 5-36: Mode-3 (272.17Hz) of the 7.5mm Curvature Spoke model 
 







5.6 Conclusions of Spoke Curvature Study 
SPOKE MODEL FREQUENCY(Hz) MAX AMPLITUDE 
5.0mm  Curvature Spoke 210 Hz 1060 
7.5mm Curvature Spoke 210 Hz 1140 
2.5mm Curvature Spoke 225 Hz 410 
Table 5-2: Frequency and Amplitude from Max Peak in FFT Spectrum.  
Reference 5mm Curvature Spoke Compared to 7.5mm and 2.5 Curvature Spoke 
model with cooling 
1. The natural frequencies increased for the 2.5mm curvat e when compared to the 
7.5mm curvature spoke model. 
2. The peak frequency increased for the 2.5mm curvature when compared to the 
7.5mm but the peak amplitude decreased for the 2.5mm curvature. 
3. The mode shapes for both the 7.5mm and the 2.5mm curvature spoke model are 
similar to the reference spoke model including the out-of-plane “flapping” 
behavior. 
4. The 210 Hz max amplitude peak for the 7.5 mm curvatre spoke model with cool 
is below the first modal frequency of 232 Hz.  
5. The 225 Hz max amplitude for the 2.5 mm curvature spoke model with cool is 










In this work, nonlinear finite element analysis using the commercially available 
software program ABAQUS was performed to study the spoke dynamics from the 
TWEEL. The results of spoke vibration amplitudes and frequencies are expected to give 
insights into the study of the acoustic noise generation from the TWEEL.  In previous 
studies [3, 4], dynamic models of a 2-D rolling TWEEL were created, and a method for 
extracting the frequency spectrum of lateral spoke vibrations was developed.  The 
temporal variation in spoke length as the spoke passes through the contact zone was also 
extracted and used as input to a 3-D model of a single spoke.  The 3-D spoke model is 
able to capture more complex vibration modes of the spoke, including out-of-plane 
“flapping” behavior that are thought to be a primary source of acoustic excitation.   
In this work, the modeling methods were refined andgeneralized to include more 
accurate representations of cooling and loading through use of ABAQUS/Explicit. These 
models were used to study the effect of variable spoke thickness, spoke curvature, spoke 
width and scallop depth on the amplitude and dominant frequency of spoke vibrations.  
 Modal frequencies and shapes of the various spoke design strategies are 
computed and correlated with the frequency response of the out-of-plane spoke 
vibrations.  Results indicate that scalloping the edges of the spoke can dramatically 
reduce the amplitude of vibration, but do not have  strong effect on the dominant 
frequency.   An optimal amount of scalloping was determined which reduces maximum 





significantly affect the frequency, but can affect the amplitude of vibration.  Changes in 
spoke width do not appear to affect either frequency or amplitude significantly, although 
the shorter width spoke does increase the natural frequencies for all modes except the 
first.  The effect of spoke curvature on the spoke vibration frequencies was also studied 
and it was observed that changes in spoke curvature hav  an impact on the amplitudes 
and frequency of the spoke vibrations, as well as ntural frequencies. More detailed 
conclusions are discussed in the last Section of each Chapter. 
6.1 Future Work 
Suggestions for future work include additional spoke finite element modeling 
studies to more fully understand spoke dynamic behavior, including further spoke 
geometry and spoke-to-spoke design strategies and optimization for reduced vibration 
and noise control, including evaluations on changing spoke length, range of high rolling 
speeds, and rolling resistance.  In order to characterize lateral stiffness and interaction of 
non-symmetric dynamic modes for spoke vibration and ri g dynamic modes, a full three-
dimensional finite element model is suggested. A complete 3D analysis of dynamic 
loading and rolling requires use of a supercomputer with parallel processing capability.  
In addition, it is highly desirable to perform physical experiments and correlate the FEA 
models with experimental results for verification ad validation, as well as giving 
insights on new directions in modeling, design and u erstanding. Major outcomes of 
this future work are expected to include better understanding of the TWEEL dynamic 





efforts in the form of new experimentally verified models and simulation based 
optimization.  
Improvements to the existing single-spoke 3D model us d in this work are also 
suggested. The single-spoke 3D model in this work assumes that rolling takes place at 
steady speed such that the (tangential) circumferential acceleration component on the 
spoke in the transverse direction in the plane is negligible. While the normal component 
of acceleration is not negligible, it acts mostly in the longitudinal direction of the spoke 
and would affect spoke tension, but not direct lateral bending. Approximations for normal 
and tangential components of acceleration for and ideal zed spoke profile motion could 
be superimposed using directional body acceleration components in ABAQUS to study 
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